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Abstract
Foot-and-mouth disease virus (FMDV) is a highly infectious virus affecting cloven-
hoofed animals. The most prominent of its clinical signs is the development of vesicular
lesions on the feet and in or around the mouth, which are a consequence of extensive
FMDV-induced epithelial cell death. Currently, there is no certain biological knowledge
on why extensive epithelial cell death occurs in some FMDV-infected tissues, but not in
others. Using the epithelial tissues of tongue and dorsal soft palate as examples of a tissue
where lesions occur and one that does not visibly exhibit FMDV-induced cell death, this
work aims to identify the potential drivers of epithelial cell death and survival. A partial
differential equation (PDE) model informed by experimental data on epithelial structure,
is used to test epithelium thickness and cell layer structure as potential determinants.
A second PDE model investigates FMDV-interferon (IFN) dynamics and their impact
on the levels of cell death and survival, while an experimental study is undertaken to
provide data for model validation. The work carried out casts light on the important role
of a variety of factors including FMDV replication, IFN production and release, and IFN
antiviral action.
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Chapter 1
Introduction
1.1 Foot-and-mouth disease
Foot-and-mouth disease (FMD), one of the most infectious diseases affecting cloven-hoofed
animals [45], was initially described in 1546 by Fracastorius but sightings of it are believed
to extend to antiquity [15]. In 1897 Lo¨ffler and Frosch isolated the filterable agent causing
the disease, FMD virus (FMDV), which was the first animal virus to be isolated [15].
FMD is considered to be the most important barrier to international trade of animals
and animal products [64]. This is highlighted by the fact that FMD is the first disease
for which the World Organisation for Animal Health (OIE) established in 1994 an official
list of disease-free countries and zones [1].
FMDV belongs to the Picornaviridae family, Aphthovirus genus and has seven serotypes
[106]. These are A, O, C, Southern African Territories (SAT) 1, SAT 2, SAT 3 and Asia 1
[5]. Susceptible animals include both domestic and wild life species such as cattle, swine,
sheep, deer, bison and antelope [25]. FMD is of significant worldwide socio-economic
importance [45, 95, 101] as it can cause substantially reduced productivity to domestic
animals, for an extended period of time [45]. It has also been associated with abortion
in pregnant animals and myocarditis and death in young livestock [5]. In South-East
Asia, where FMD is endemic, the disease is considered the most severe threat to animal
health and development in the area [95]. In 2001 an outbreak in the United Kingdom, a
disease-free country, resulted in 6.5 million animals being slaughtered [45] and losses of
£6 billion [101]. A much smaller outbreak in 2007 was still estimated to have cost £100
9
million [31].
1.2 Transmission and infection dynamics
The most common form of FMD transmission is by direct contact [5]: this may happen
by virus particles entering through an existing cut or abrasion, through the mucosae,
or by aerosols moving into the respiratory tract [5] which is considered the usual form
of transmission in cattle [45]. Furthermore, the indirect contact of a susceptible animal
with contaminated personnel, vehicles or fomites may result in infection [5]. Long-range
airborne transmission of the virus is considered an unusual but possible route of infection
[5, 33, 88] which may lead to dramatic consequences when it occurs [33].
In the case of virus entrance through cuts or abrasions, initial replication occurs at
the site of entry [5]. In general though, the site of initial replication is found to be the
nasopharyngeal area and especially the dorsal surface of the soft palate (DSP) and the
roof of the pharynx [5]. The reason for this has been speculated to be the type of epithelial
cells in these areas, which are non-cornified [5]. Following its initial replication, the virus
is transferred via circulation to secondary sites of infection [5].
FMDV infects host cells by attaching to cell receptors [106] and overtakes the cell
machinery to enable virus replication in the cell cytoplasm [45, 46]. Viral activity disturbs
normal cell function with FMDV inhibiting translation and transcription of host proteins
[46, 106], making cells unable to synthesise essential proteins. FMDV is cytocidal (it
causes cell death) and induces cytopathic effects [45]. These include cell rounding and
alteration [45] and lead to virus release by lytic cells [106].
Lysis occurs under certain conditions to dying cells and is a consequence of necrosis
or in some cases a secondary effect of apoptosis [38]. Apoptosis is a form of programmed
cell death where a cell breaks into fragments engulfed later by neighbouring cells and
phagocytes [69]. Necrosis on the other hand is considered an accidental form of death of
damaged cells and results in the plasma membrane rupturing and cells undergoing lysis
[69]. Apoptotic fragments can experience secondary necrosis and lysis [38].
In the case of FMDV, there is lack of information on mechanism(s) involved in virus
inducing or preventing cell death [46]. In this work the focus of interest is cell lysis and
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the development of vesicular lesions, independently of the type of cell death preceding
lysis.
1.2.1 Clinical signs
The principal clinical signs of FMD are vesicular lesions on the feet and in or around
the mouth (see Figure 1.1); other clinical signs include oral or nasal discharge, lameness,
reluctance to stand or move and fever [5]. The development of vesicular lesions is ob-
served in certain epithelial tissues within infected animals, while others tissues remain
unaffected. For example, although cattle develop severe vesicular lesions in the tongue
[45], the epithelium layer on the dorsal surface of the soft palate (DSP) does not develop
visible vesicles or lesions [5]; however, it is not known whether FMDV-induced cell death
does occur within this tissue. The absence of lesions in the DSP is despite the fact that
this is described as a primary site of infection and one of the main areas of initial FMDV
replication [5, 10].The causes of this pathological behaviour are currently unknown, but
it is speculated to be involved with the different epithelial structure of these tissues [5].
Figure 1.2 demonstrates the location of both DSP and tongue within cattle.
a b
Figure 1.1: Cattle tongue with: (a) 1-day old vesicle (the rupture shown was a result of
the tongue being withdrawn from the mouth); (b) 2-day old naturally ruptured vesicle.
Reproduced with permission from [7]
1.2.2 Epithelium structure
Epithelium covers all the external and internal surfaces of the body. Epithelia with
more than one layer of cells are classified as stratified epithelia, while those which also
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demonstrate a transition from a proliferating cuboidal cell layer on the bottom of the
tissue to a flattened cell layer on the surface are termed stratified squamous epithelia
[111]. The conventionally recognised layers in stratified squamous epithelia are stratum
basale (or basal layer), stratum spinosum (or spinous layer), stratum granulosum (or
granual layer) and stratum corneum (or corneal layer) [111]. More - layers such as stratum
lucidum, located between stratum granulosum and stratum corneum - can be identified,
highlighting the absence of a clear boundary between them. For the purpose of this work
we will only consider the aforementioned four layers (see Figure 1.3).
The basal layer is the proliferative layer located at the bottom of the epithelium, with a
thickness of approximately one cell [94]. As basal cells mature they differentiate to spinous
cells, the latter composing the thickest epithelial layer. Belonging in an intermediate state
between the living spinous and the non-living corneocytes, the granular layer consists of
flat cells with small flattened nucleus [94]. Keratin corneocytes form the last and external
epithelial cell layer, the cornified layer[104].
The structure of stratified squamous epithelia varies greatly among different areas of
the body. While that of the tongue is thick, mainly due to a vast spinous layer, the
stratified squamous epithelium of the caudal surfaces (both dorsal and ventral) of the
soft palate is much thinner. In addition, the tongue includes all four layers of cells, in
contrast to the lack of distinct granular and corneal layers on the soft palate. As for all
epithelia, basal cells in these tissues are supported by a basement membrane which is not
penetrated by blood vessels and therefore rely on the diffusion of oxygen and metabolites
from adjacent supporting tissues [112].
1.2.3 Research question
In their 2011 review, Arzt et al. [9] have identified the most significant knowledge gaps in
FMD pathogenesis. These include the host determinants of tropism and the role of the
innate immune response; the effect of cell cycle on FMDV replication; and the events of
transmission of the virus through secretions or aerosols [9]. The latter is related to the
open question of the role of lesions in transmission of FMDV. Furthermore, Charleston et
al. [28] highlighted the connection between the infectious period of FMDV and the onset
of clinical signs in the form of lesions, underlining the importance of investigating further
12
Figure 1.2: Diagram of cattle head, modified from [43]. Location of DSP (green arrow)
and tongue (left arrows) bovine tissues. Lesions in tongue usually occur close to the tip
(first arrow on the left).
 
Figure 1.3: Epithelial cell layer structure. Figure from [90] by Z.Zhang
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this process. Hence, understanding the development of epithelial lesions is potentially
critical in comprehending the epidemiological risks of FMDV. A better understanding
of tropism and primary infection may also lead to a breakthrough in designing better
vaccines [9]. It is therefore crucial in elucidating the function of the infection mechanism,
to investigate the determinants of tissue tropism and the factors contributing to vesicle
formation.
In this work the dynamics of FMDV in the stratified squamous epithelial tissues of
tongue and DSP are compared as a practicable way of comparing a lesional and a non-
lesional epithelial tissue. Taking an Occam’s razor approach the effect of epithelial struc-
ture is the first to be investigated as the first candidate for the antithesis in behaviour in
respect to the levels of FMDV-induced cell death, as epithelial structure is a basic and
apparent difference between the two tissues; other proposed potential mechanisms are
also explored and discussed in later chapters.
1.2.4 Related models
This work is only the second mathematical study exploring FMDV-induced cell death, the
first being an ODE model of Schley et al. [90], and one of the few models investigating
within-host dynamics of FMDV [50, 49, 83, 89]. This is despite the breadth of work
on epidemiological models for FMDV described in detail by Keeling in his 2005 review
[59]. Three such models, the Imperial [35, 36], the Cambridge-Edinburgh [58, 60] and the
InterSpread model [75], were used for instance during the 2001 UK FMDV outbreak [59].
Within-host dynamics, however have not received the same attention. A whole animal
model was first presented in a 2005 PhD thesis of Quan [83]. There a deterministic ODE
model monitoring viral load in the blood, virus in the interstitial space and proportion of
infected and uninfected epithelial cells was developed. Using this model, Howey et al. [50]
investigated FMDV dynamics in inoculated pigs and showed how initial dose of infection
could explain the variability in infected animals, with alteration in the dose causing viral
loads to peak at different times but always having the same maximum load.
Another study of Howey et al. [49] explored FMDV dynamics in cattle with the use
of an ODE model, tracking viral load in the blood, infected, uninfected and protected
epithelial cells, antibodies, type I interferons and virus-antibody complexes. Parameters
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were estimated with maximum-likelihood methods. The model showed both interferons
and antibodies to have an important role in defining the peak of infectious virus and the
duration of this peak. Although the initial dose of infection was expected to have an effect
on infected animals similar to the 2009 pig study [50], here the initial viral dose could not
be determined as transmission occurred through cattle-to-cattle contact.
The aforementioned studies have provided information on FMDV viraemia and the
conditions under which virus load reaches its peak. In this work, I endeavour to explore
the more localised effects of FMDV infection on epithelial cells and attempt to elucidate
the events leading to FMDV-induced cell death and vesicular lesions. The determinants of
the development of epithelial lesions in FMDV-infected tissues have only been examined
by one previous model, a deterministic ODE model of Schley et al. [90]. There the authors
tested the role of epithelial thickness as a potential determinant of FMDV-induced cell
death, exploring the tissue dynamics with the use of variables for epithelial cells, intra-
cellular and extracellular virus. The study of Schley et al. suggested epithelial thickness
could be a determinant of FMDV-induced cell death, for certain estimates of basal cell
proliferation and cell death rates. Zhu et al. (2013) explored the determinants of tissue
tropism using statistical and bioinformatic tools, focusing mainly on FMDV persistence
but also investigated the development of epithelial lesions [114]. Findings of the study
are discussed in Chapter 7.
Although this work is the second study on FMDV and epithelial tissues, models on
epithelial tissues have been developed extensively for the investigation of wound healing.
The review of Sherratt and Dallon provides an overview of such models [93], while Geris
et al. [42] discuss more recent studies in the area. An extensive body of spatially explicitly
models of angiogenesis also exists [39, 79, 81]. Cancer models have also studied tumour
growth and tissue dynamics [92, 107], while models of epithelium infection have been
developed for influenza and other viruses [17, 51, 65].
In Chapter 2 FMDV infection dynamics in epithelial tissues are explored using PDE
models. The hypothesis that epithelium structure is the main determinant for the de-
velopment of lesions is first tested, though other potential factors are also examined.
Parameters of the model on epithelial structure are informed using epithelial cell data
collected for the purpose of this work (Chapter 3). In Chapter 4 an interferon (IFN)
15
model is developed to test type I IFN antiviral action as a potential driver for the de-
velopment of lesions. FMDV-IFN experiments undertaken for this study (Chapter 5) are
compared with model outcomes (Chapter 6). A final discussion on the contribution of
this work to the study of FMDV and the determinants behind the development of lesions
in some but not in all infected epithelial tissues is provided in Chapter 7.
16
Chapter 2
Cellular column model
2.1 Mathematical model
A one dimensional (1D) spatial mathematical model was developed to investigate the
potential determinants of FMDV lysis. The model is aimed at investigating the spread,
cell infiltration and cell lysis by virions introduced into epithelial tissue at different entry
points, and it is relevant to the first 48 hours of infection. This timescale is sufficient for
lesions to occur, though still allows the investigation of the system before the onset of
adaptive immune response. As events occur over space and time, the model consists of a
system of nonlinear, partial differential equations describing the interaction of a number
of key components known to be important in this system. The model accounts for cell
growth but as will be justified in Section 2.1.3, it is sufficient to consider a static cell
landscape for the particular biological question addressed here. This simplification is
possible due to the much more rapid timescales of infection dynamics. This work builds
on a previous model by Schley et al. [90], the only other existing mathematical study in
the investigation of cell lytic behavioural differences, by considering cell tissue structure
and spatial diffusion of the virus.
2.1.1 Full active system model
The proposed PDE model of FMDV dynamics in epithelial tissue considers both the tissue
fraction of epithelial cells and extracellular space (Sc and Se respectively) and the viral
concentration in them (Vc and Ve respectively). In order to do so it also explicitly models
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the amount of an intracellular resource (K) and the concentration of an activator of cell
proliferation and vitality (E). The model variables are listed in Table 2.1.
Modelling the intracellular resource, K, allows the cell lytic effect of viral replication
to be included in the system. The intracellular resource is a general term representing
the resources (e.g. cell machinery) which the virus exploits for its replication but are
essential for cell function and survival. Depletion of the intracellular resource K due to
viral replication leads to cell death in the model.
Activator is a general term representing the combination of resources (e.g. nutrients,
chemical signals) which account collectively for the ability of cells to proliferate and differ-
entiate into different types within the epithelium. Here these are represented by a generic
term since the primary interest is the flux of resources to cells at different locations in the
tissue. It is assumed the activator diffuses through the epithelium after being delivered at
the basement membrane and that different cell layers are defined by the level of activator
available to them; cell layer boundaries are located where the concentration of activator,
E, drops below certain thresholds (defined from experimental measures - see Chapter 3).
The activator is therefore used to define the structure of the tissue, stratifying it into
different cell layers.
This work effectively describes the FMDV dynamics over one column of living cells,
starting at the basement membrane and extending to the tissue surface (uncornified ep-
ithelia) or the boundary between granular and corneal layers (cornified epithelia) (see
Figure 1.3 for cell layer structure). Figure 2.1 is a schematic diagram of the continuum
model and illustrates one of the explored cases: the infection of tongue epithelial tis-
sue with FMDV entering at the basement membrane. The distance from the basement
membrane, x, is measured in cm and the time, t, in hours.
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Variable Units
Sc Cellular volume fraction fraction, non dimensional value
Se Extracellular volume fraction fraction, non dimensional value
Vc Cellular viral concentration PFU × cm−1 cell column height
Ve Extracellular viral concentration PFU × cm−1cell column height
K Intracellular resource cm−1cell column height
E Activator concentration cm−1 cell column height
v Velocity of cells cm × h −1
u Velocity of extracellular fluid cm × h −1
Table 2.1: Model variables
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Figure 2.1: Schematic of the continuum model (middle). Example of FMDV infection
of tongue epithelial cells with virus entering through the basement membrane. Darker
shades of green and purple indicate higher concentration of extracellular and cellular
FMDV respectively. Infection dynamics are the same in DSP, though tissue structure
and usual site of viral entry are different. Tongue epithelium thickness is LT , basal-
spinous epithelium thickness is LTg , while basal cell layer thickness is LTb (left hand side).
For DSP the equivalents are LP for epithelium thickness and LPb for basal cell layer
thickness. No granular layer is present in DSP, therefore there is no distinction between
whole epithelium and basal-spinous epithelium thickness. Function gB (red line, right
hand side) takes values of approximately 1 for basal cells, dropping to approximately zero
everywhere else. Function gG (black dashed line) is approximately 1 for the basal-spinous
epithelium, dropping to approximately zero for granular cells.
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Epithelial tissue is assumed to consist only of cellular and extracellular space, so that
Se(x, t)︸ ︷︷ ︸
extracellular space fraction
+ Sc(x, t)︸ ︷︷ ︸
cellular space fraction
= 1. (2.1.1)
In order for cells to grow in the basal layer, neighbouring cells need to migrate to
accommodate this development. Furthermore, extracellular fluid is drawn in to fill the
volume gaps created by cell migration. The rate of such movements is described by the
velocity v for the cells and u for the extracellular fluid. Cell division is governed by the
level of activator E, at a rate βgB(E), and cell death occurs at a rate dependent on the
generic resource K, namely Φf(K)Sc, where Φ is the maximum observed cell lysis rate
and f(K) is a normalised response function (see subsection on Response functions below).
The evolution equations for Sc and Se are thus
∂
∂t
(Sc) +
∂
∂x
(vSc) = −Φf(K)Sc︸ ︷︷ ︸
FMDV-induced cell death
+ βgB(E)Sc︸ ︷︷ ︸
cell division
, (2.1.2)
∂
∂t
(Se) +
∂
∂x
(uSe) = Φf(K)Sc︸ ︷︷ ︸
FMDV-induced cell death
− βgB(E)Sc︸ ︷︷ ︸
cell division
. (2.1.3)
Summing these two equations and using equation (2.1.1) leads to the volume conser-
vation equation
∇.(vSc + uSe) = 0.
The activator is delivered through the basement membrane and diffuses through the
epithelium (with diffusion constant DE). Living cells uptake activator (rate constant λ),
while there is also natural decay (rate constant δ). Activator dynamics are described by
∂E
∂t
= DE
∂2E
∂x2︸ ︷︷ ︸
activator diffusion
− λScE︸ ︷︷ ︸
activator uptake by cells
− δE︸︷︷︸
activator decay
. (2.1.4)
Since the activator diffuses much more rapidly than FMDV (see Table 2.4), it is
assumed that its distribution is in a near equilibrium (or quasi-steady) state over the
timescale of viral dynamics. Using this assumption I obtain
DE
∂2E
∂x2
− λScE − δE = 0. (2.1.5)
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Viral uptake, as well as viral replication, depend on the cell type, with inter-layer
variability described by functions gG(E) and hU(E) for the former and gG(E) and hR(E)
for the latter (defined under Response functions below). For example, gG(E) ≈ 1, for
basal and spinous cells where replication and uptake of virus mainly occur, while for
granular cells gG(E) ≈ 0. Function hU(E) can facilitate different uptake rates by basal
and spinous cells as its values depend on function gB which is approximately equal to one
for basal cells and zero everywhere else. Function hR(E) of FMDV replication is defined
in a similar manner.
Replication of FMDV occurs intracellularly, at a maximal rate ξ, resulting in the
consumption of the generic resource, K, at an hourly rate ρ expressed per units of virus
concentration. Uptake of extracellular virus by cells (infection), at a rate µ, is enabled
by the presence of receptors on the cell surface. The intracellular viral dynamics are also
affected by the release of FMDV to the extracellular space. This may happen due to
escape of virus by infected cells while alive (rate γ), or due to release of virus during lysis.
No direct cell to cell virus movement is assumed to occur, with virus passing through
the extracellular space first (see Chapter 1). In the intracellular space viral particles are
assumed to be transported only by cell movement. Extracellular viral particles however,
are assumed to be able to diffuse through extracellular material as well as being carried
along by it. The evolution of Vc and Ve is thus
(2.1.6)
∂
∂t
(VcSc) +
∂
∂x
(vVcSc) = ξρKhR(E)gG(E)VcSc︸ ︷︷ ︸
FMDV replication
+µgG(E)hU(E)VeSc︸ ︷︷ ︸
FMDV uptake by cells
− γVcSc︸ ︷︷ ︸
FMDV release by live cells
− Φf(K)VcSc︸ ︷︷ ︸
FMDV release due to FMDV-induced cell lysis
,
(2.1.7)
∂
∂t
(VeSe) +
∂
∂x
(uVeSe) = −µgG(E)hU(E)VeSc︸ ︷︷ ︸
FMDV uptake by cells
+ γVcSc︸ ︷︷ ︸
FMDV release by live cells
+ Φf(K)VcSc︸ ︷︷ ︸
FMDV release due to FMDV-induced cell lysis
+DV
∂
∂x
(Se
∂Ve
∂x
)︸ ︷︷ ︸
FMDV diffusion
.
Intracellular resource, K, is assumed to be within cells and to move within space as
a result of cell migration. As basal cells grow and divide, a corresponding amount of
resource is produced (at rate βgB(E)KSc). This amount of resource is maintained by
healthy cells but is depleted by viral particles at a rate relevant to viral replication (rate
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ρKhR(E)gG(E)VcSc). The evolution equation for the intracellular resource, K, is thus
∂
∂t
(KSc) +
∂
∂x
(vKSc) =− ρKhR(E)gG(E)VcSc︸ ︷︷ ︸
loss of resource due to FMDV replication
− Φf(K)KSc︸ ︷︷ ︸
loss of resource due to FMDV-induced cell lysis
+ βgB(E)KSc︸ ︷︷ ︸
production of resource due to cell division
,
(2.1.8)
where Φf(K)KSc is the rate of resource loss in the system due to cell death.
The model parameters and their estimated values are summarised in Tables 2.2 and
2.3, with details of their derivation given in Section 2.2.
Response functions
The role of the epithelium cell layer structure in the model is expressed by the several
functions of the activator E. Cell proliferation occurs in the basal layer [94], while viral
replication and uptake are believed to be restricted to basal and spinous cells. The latter
stems from the recorded presence of FMDV and of integrins involved with FMDV uptake,
in basal and spinous cell layers [72, 73] and the absence of such data for the granular
layer. Cell layers are defined by continuous functions which express more accurately
the continuous nature of the epithelium and the lack of clear boundaries between layers.
Function gG(E) refers to the area covered by basal and spinous layers together, where it
takes values of approximately one, while gB(E) is the relevant function for the basal layer
and it is gB(E) ≈ 1 for basal cells (see Figure 2.1). Both are bounded on the unit interval
for E ∈ [0, E0], where E0 is the maximum activator concentration. It is assumed that the
concentration of activator at the basal-spinous interface (LTb for tongue and LPb for DSP)
is EB, and spinous-granular interface (LTg for tongue) or spinous-epithelium surface (LP
for DSP) is EG, such that 0 < EG < EB < E0. Functions gB(E) and gG(E) are defined
as follows, where the value of the exponents m2 and m3 determine the sharpness of the
transition between layers:
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Figure 2.2: Graphs of functions: (a) gB(E) and; (b) gG(E) versus the amount of available
activator, E, for the cases of DSP (red lines) and tongue (blue lines). As gB refers to
the area covered by the basal layer, values of the function drop rapidly at the thresh-
old concentration of activator for the basal-spinous boundary, EB. Based on collected
epithelial cell layer structure data EB = 0.966 for DSP and EB = 0.977 for tongue (for
details see Table 3.2 in Chapter 3). Function gG refers to the area covered by basal and
spinous layers together, so values of the function drop rapidly at the threshold concentra-
tion of activator for the spinous-epithelium surface boundary (DSP) and spinous-granular
boundary (tongue), EG. Based on collected epithelial cell layer structure data EG = 0.63
for DSP and EG = 0.0818 for tongue (for details see Table 3.2 in Chapter 3).
gB(E) =
Em2(Em20 + E
m2
B )
Em20 (E
m2 + Em2B )
, (2.1.9)
gG(E) =
Em3(Em30 + E
m3
G )
Em30 (E
m3 + Em3G )
. (2.1.10)
Graphs of functions gB(E) and gG(E) versus the activator, E, and the distance from
the basement membrane, x, are presented in Figures 2.2 and 2.3 respectively, for both
the cases of DSP and tongue epithelial tissues. Figure 2.3 is relevant to the virus free
state of the system, as cell death means that cell type needs to be defined by the level of
activator, E, and not the distance from the basement membrane, x.
Potential differences in viral replication and uptake between basal and spinous cells
are accommodated by the use of parameters indicative of the cell susceptibility to viral
replication, ρB and ρS, and cell vulnerability to viral uptake, µB and µS, all defined on
24
a
0 0.05 0.1 0.150
0.2
0.4
0.6
0.8
1
 x   (cm)
To
ng
ue
 (b
lue
), D
SP
 (r
ed
)
 gB
b
0 0.05 0.1 0.15
0.2
0.4
0.6
0.8
1
 x   (cm)
To
ng
ue
 (b
lue
), D
SP
 (r
ed
)
 gG
Figure 2.3: Graphs of functions: (a) gB(E) and; (b) gG(E) versus the distance from
the basement membrane, x, for the cases of DSP (red lines) and tongue (blue lines) in
the absence of virus. As gB refers to the area covered by the basal layer, values of the
function drop rapidly at the basal-spinous boundary, LPb (DSP) and LTb (tongue). Based
on collected epithelial cell layer structure data LPb = 1.41× 10−3 cm for DSP and LTb =
1.22×10−3 cm for tongue (for details see Table 3.2 in Chapter 3). Function gG refers to the
area covered by basal and spinous layers together, so values of the function drop rapidly
at the spinous-epithelium surface boundary (DSP), LP , and spinous-granular boundary
(tongue), LTg. Based on collected epithelial cell layer structure data LP = 1.71 × 10−2
cm for DSP and LTg = 1.59× 10−1 cm for tongue (for details see Table 3.2 in Chapter 3).
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the unit interval. Preference of one layer over the other is expressed by higher values
for the parameters referring to that layer. For example higher FMDV replication in the
basal layer means that ρB > ρS. The absolute difference of the vulnerability parameters
in each case, |ρB− ρS| and |µB−µS|, is a measure of the difference in the viral preference
between cell layers. Let hR(E) be a replication function and hU(E) an uptake function,
both bound by [0, 1], then
hR(E) = ρS + (ρB − ρS)gB(E), (2.1.11)
hU(E) = µS + (µB − µS)gB(E), (2.1.12)
so that hR(E) ' ρS in the spinous layer and hR(E) ' ρB in the basal layer. Likewise
hU(E) ' ρS in the spinous layer and hU(E) ' ρB in the basal layer. As there is little
experimental evidence of FMDV replication and uptake differences between layers (see
Sections 2.2 and 2.5 for details) it is assumed that both spinous and basal cell layers have
the same susceptibility to FMDV replication and uptake. This leads to ρS = ρB = 1
and µS = µB = 1, but hypothesised interlayer differences will be explored to test their
potential role in the events of cell lysis.
For the cell death response function f(K) it is assumed that when K  K1/2 then the
cell has still adequate resources and consequently no cell death is occurring (f(K) ' 0).
When K  K1/2 cell resources have depleted enough to trigger death at a maximum rate
(f(K) ' 1). Using a Hill like function to describe this, I have
f(K) =
K1/2
m1
K1/2
m1 +Km1
, (2.1.13)
where f(K1/2) = 1/2.
Boundary and initial conditions
Initially, the epithelium is healthy and intact, so that the cellular volume fraction, Sc,
and the intracellular resource, K, are at a maximum healthy level, α and K0 respectively.
Viral concentration is equal to zero everywhere but at the point of infection, ep, which is
assumed to be a point in the extracellular space. The initial conditions are
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t = 0 : Sc = α, Se = 1−α,K = K0, Vc = 0, Ve(x, 0) =
 V0, for x = ep0, everywhere else. (2.1.14)
The activator, E, diffuses in from the basement membrane, at x = 0, and is assumed
to be at a fixed concentration there. Extracellular virus, Ve, is allowed to diffuse out of
the basement membrane depending on a mass transfer coefficient, QV .
x = 0 : E(0, t) = E0,−DV ∂Ve
∂x
(0, t) = −QV Ve(0, t) (2.1.15)
One of the main differences between the palate and the tongue is the presence of the
keratinised corneal layer in the latter which acts as a barrier to the passage of activator
and extracellular virus. In the palate there is no such blockage and Robin conditions are
imposed on the boundary, namely
at x = LP : −DE ∂E
∂x
(LP , t) = QEE(LP , t),−DV ∂Ve
∂x
(LP , t) = QV Ve(LP , t). (2.1.16)
Activator and virus obey Fick’s law of mass transfer and move from an area of high
concentration (epithelium) to an area of low concentration (outside the epithelium) in
line with mass transfer coefficients, QE and Qv respectively. For the tongue it is assumed,
at x = LT :
∂E
∂x
(LT , t) = 0,
∂Ve
∂x
(LT , t) = 0. (2.1.17)
Using the boundary conditions of activator, E, and assuming that the cellular volume
fraction, Sc, is constant (Sc = α), equation (2.1.5) is solved to obtain the initial condition
for activator concentration:
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E(x, 0) =
E0(A− QEDE )e−2ALP eAx
QE
DE
(1− e2ALP ) + A(1 + e2ALP )
+
E0(
QE
DE
+ A)e−Ax
QE
DE
(1− e−2ALP ) + A(1 + e−2ALP ) , (2.1.18)
0 ≤ x ≤ LP in palate and
E(x, 0) =
E0e
Ax
1 + e2ALT
+
E0e
2ALT e−Ax
1 + e2ALT
, 0 ≤ x ≤ LT in tongue, (2.1.19)
where A =
√
(λα + δ)/DN . This is relevant to the state of the system in the absence of
virus.
Parameter Condition Value
α initial cellular space volume Sc(0, t) 0.95 [90]
E0 activator at the basement membrane E(0, t) 1 cm
−1
K0
initial intracellular resource fraction
K(x, 0) 952 cm−1 (see Section 2.2)
per unit lenght
V0 viral infectious dose Ve(ep, 0) 2290 PFU × cm−1 (see Section 2.2)
QE activator mass transfer coefficient
∂E
∂x (LP ) 5.69× 10−2 cm × h−1 (see Section 2.2)
QV FMDV mass transfer coefficient
∂Ve
∂x (LP ) 2.85× 10−2 cm × h−1 (see Section 2.2)
ep viral entry point
various points 0, 3× 10−3cm, Li or
tested Li − 3× 10−3 cm, where i=P,T
Table 2.3: Initial and boundary condition parameters (see Section 2.2 for details).
2.1.2 Non-dimensionalisation
To reduce the number of parameters and systematically simplify the model the system of
PDEs given by equations (2.1.1)-(2.1.8) is non-dimensionalised. Space, x, is rescaled with
the length of the DSP, LP , while time, t, is rescaled with respect to the maximum death
rate of cells, Φ, leading to
x = LP xˆ, t =
1
Φ
tˆ. (2.1.20)
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This means that xˆ ∈ [0, 1] in the DSP and xˆ ∈ [0, LˆT ] in the tongue (where LˆT = LT/LP )
and tˆ = 1 represents approximately 3 hours. For the dependent variables
v = βLP vˆ, u = βLP uˆ, Vc = V0Vˆc, Ve = V0Vˆe, E = E0Eˆ, K = K0Kˆ, (2.1.21)
which means that Eˆ ∈ [0, 1] and Kˆ ∈ [0, 1].
The dimensionless parameters are defined as follows
βˆ = β
Φ
, λˆ = λ
Φ
, δˆ = δ
Φ
,
ρˆ = ρV0
Φ
, µˆ = µ
Φ
, γˆ = γ
Φ
, ξˆ = K0ξ
V0
,
DˆV =
DV
ΦLP
2 , DˆE =
DE
ΦLP
2 , QˆV =
QV
ΦLP
, QˆE =
QE
ΦLP
LˆT =
LT
LP
, EˆB =
EB
E0
, EˆG =
EG
E0
, Kˆ1/2 =
K1/2
K0
,
(2.1.22)
which leads to the following non-dimensional form of the full model,
Se(xˆ, tˆ) + Sc(xˆ, tˆ) = 1, (2.1.23)
∂Sc
∂tˆ
+ βˆ
∂(vˆSc)
∂xˆ
= −fˆ(Kˆ)Sc + βˆgˆB(Eˆ)Sc, (2.1.24)
∂Se
∂tˆ
+ βˆ
∂(uˆSe)
∂xˆ
= fˆ(Kˆ)Sc − βˆgˆB(Eˆ)Sc, (2.1.25)
DˆE
∂2Eˆ
∂xˆ2
− λˆScEˆ − δˆEˆ = 0, (2.1.26)
∂(VˆcSc)
∂tˆ
+ βˆ
∂(vˆVˆcSc)
∂xˆ
=ξˆρˆhˆR(Eˆ)gˆG(Eˆ)KˆVˆcSc + µˆgˆG(Eˆ)hˆU(Eˆ)VˆeSc − γˆVˆcSc − fˆ(Kˆ)VˆcSc,
(2.1.27)
∂(VˆeSe)
∂tˆ
+ βˆ
∂(uˆVˆeSe)
∂xˆ
=− µˆgˆG(Eˆ)hˆU(Eˆ)VˆeSc + γˆVˆcSc + fˆ(Kˆ)VˆcSc + DˆV ∂
∂xˆ
(
Se
∂Vˆe
∂xˆ
)
,
(2.1.28)
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∂(KˆSc)
∂tˆ
+ βˆ
∂(vˆKˆSc)
∂xˆ
= −ρˆKˆhˆR(Eˆ)gˆG(Eˆ)VˆcSc − Kˆfˆ(Kˆ)Sc + βˆgˆB(Kˆ)Sc, (2.1.29)
where
gˆB(Eˆ) =
Eˆ
m2
(1 + EˆB
m2
)
Eˆ
m2
+ EˆB
m2 (2.1.30)
gˆG(Eˆ) =
Eˆ
m3
(1 + EˆG
m3
)
Eˆ
m3
+ EˆG
m3 (2.1.31)
hˆR(Eˆ) = ρS + (ρB − ρS)gˆB(Eˆ) (2.1.32)
hˆU(Eˆ) = µS + (µB − µS)gˆB(Eˆ) (2.1.33)
fˆ(Kˆ) =
ˆK1/2
m1
ˆK1/2
m1
+ Kˆ
m1 . (2.1.34)
2.1.3 Non-dimensional static-cell model
The data in Table 2.2 suggest that βˆ = β/Φ ' 0.04 (βˆ - non-dimensional maximum rate
of cell proliferation, Φ - non-dimensional maximum rate of cell lysis due to viral infection),
i.e. cell growth occurs at a much longer timescale than cell death. Using βˆ  1, and
studying the leading order system as βˆ → 0, yields:
Se(x, t) + Sc(x, t) = 1, (2.1.35)
∂Sc
∂t
= −f(K)Sc, (2.1.36)
∂Se
∂t
= f(K)Sc, (2.1.37)
DE
∂2E
∂x2
− λScE − δE = 0, (2.1.38)
∂(VcSc)
∂t
=ξρhR(E)gG(E)KVcSc + µgG(E)hU(E)VeSc − γVcSc − f(K)VcSc, (2.1.39)
∂(VeSe)
∂t
=− µgG(E)hU(E)VeSc + γVcSc + f(K)VcSc +DV ∂
∂x
(
Se
∂Ve
∂x
)
, (2.1.40)
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∂(KSc)
∂t
= −KhR(E)gG(E)VcSc −Kf(K)Sc, (2.1.41)
where hats have been dropped. This model will be approximation of the full model until
t = O(1/β) ' 75 hours, which is beyond the timescale of interest O(48) hours when
the adaptive immune response becomes important. In this Chapter, the non-dimensional
static-model has been used for the investigation of the FMDV infection dynamics.
Non-dimensional boundary and initial conditions
The initial conditions of the system in the non-dimensional static-cell model are
t = 0 : Sc = α, Se = 1− α,K = 1, Vc = 0, Ve(x, 0) =
 1, for x = ep0, everywhere else.
On the basement membrane of tongue and DSP I have
x = 0 : E(0, t) = 1,−DV ∂Ve
∂x
(0, t) = −QV Ve(0, t).
On the DSP surface
x = LP : −DE ∂E
∂x
(LP , t) = QEE(LP , t),−DV ∂Ve
∂x
(LP , t) = QV Ve(LP , t).
Boundary conditions for tongue on the granular-corneal layer boundary are
x = LT :
∂E
∂x
(LT , t) = 0,
∂Ve
∂x
(LT , t) = 0.
The non-dimensional initial condition for activator concentration is:
E(x, 0) =
(A− QE
DE
)e−2AeAx
QE
DE
(1− e2A) + A(1 + e2A) +
(QE
DE
+ A)e−Ax
QE
DE
(1− e−2A) + A(1 + e−2A) , (2.1.42)
0 ≤ x ≤ LP in palate and
E(x, 0) =
eAx
1 + e2ALT
+
e2ALT e−Ax
1 + e2ALT
, 0 ≤ x ≤ LT in tongue, (2.1.43)
where A =
√
(λα + δ)/DN .
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Parameter Condition Value
α initial cellular space volume Sc(0, t) 0.95 [90]
Eˆ0 activator at the basement membrane Eˆ(0, t) 1 (non dimensional value)
Kˆ0
initial intracellular resource fraction
Kˆ(x, 0) 1 (see Section 2.2)
per unit lenght
Vˆ0 viral infectious dose Vˆe(ep, 0) 1 (see Section 2.2)
QˆE activator mass transfer coefficient
∂Eˆ
∂xˆ (LˆP ) 10 (see Section 2.2)
QˆV FMDV mass transfer coefficient
∂Vˆe
∂xˆ (LˆP ) 5 (see Section 2.2)
ep viral entry point
various points 0, 0.175, Lˆi or Lˆi − 0.175 cm,
tested where i=P,T
Table 2.5: Initial and boundary condition non-dimensionalised parameters (see Section
2.2 for details).
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2.2 Parameter estimation
The majority of the parameters were estimated using data from the literature. However,
no relevant data on epithelial tissue structure existed, so this was collected to inform
some of the parameters (see Section 3). The parameters of tissue thickness, LP , LT ,
and cell layer structure, LPb, LTb, LTg, EB and EG, were estimated based on this data.
Also the intracellular resource parameter estimation for K0 and K1/2 were based on this
data, while the activator parameter λ was estimated using both literature and collected
data. A reduced model in combination with collected and literature data was used for
the viral replication parameters ξ and ρ. Parameter estimates described in this Section
are the baseline estimates, but sensitivity of the model output to parameter values has
been explored (see Section 2.4).
2.2.1 Initial and boundary conditions
α - initial space fraction of cellular space
The cellular space fraction of a healthy epithelial tissue is estimated by Schley et al. to
be 0.95 [90], based upon [74].
E0 - amount of activator at the basement membrane
The activator amount at the basement membrane (entry point) is set to be 1 arbitrary
unit per cm of tissue thickness.
K0 - initial intracellular resource fraction per unit length
Intracellular resource, K, is quantified as resource per cell column height, meaning fraction
of surviving cell resource per cell column height. The average height of epithelial cells as
derived by the average height of tongue (12.5µm) and DSP epithelial cells (8.41µm), is
10.5µm (see Section 3). In the absence of virus intracellular resource is intact, thus the
fraction of surviving resource is 1 and consequently it is
K0 =
1
10.5× 10−4 cm = 952 cm
−1.
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V0 - quantity of FMDV entering the system
The amount of virus entering the system at time point zero was defined as 1 PFU in total,
which equates to a concentration of 2920 PFU per cm of cell height in our model if viral
entry occurs over one non-dimensional spatial step (here 3.42 × 10−4 cm in dimensional
form). Acknowledging 10.5× 10−4 cm as the average height of tongue and DSP epithelial
cells this estimation corresponds to approximately 3.07 PFU per cell .
ep - FMDV entry point
Four different viral epithelial entry points are used in the simulations: i) the basement
membrane; ii) the tissue surface (DSP) or the boundary between granular and corneal
layers (tongue); iii) about two cells deep from the basement membrane; iv) about two
cells deep from the tissue surface or the granular-corneal boundary. Parameter ep takes
the values 0, Li, 3 × 10−3cm and Li − 3 × 10−3 cm respectively, where i=P,T (see 2.2.2
and 2.2.2 for tongue and DSP epithelial thickness). The basement membrane was chosen
as an entry point because tongue is usually infected through viraemia [5]. It has been
speculated though that virus may be delivered to a point further up, in the spinous layer,
which could act as the first site of infection [73]. DSP is a site of primary infection [5],
therefore the tissue surface in this case or the boundary between granular and corneal
layers in the case of tongue was selected as a possible site of infection. A cut or abrasion
may result to a viral entry point a few cells deep from the DSP surface. As the corneal
layer of tongue is assumed to be impenetrable by FMDV, a cut will have to reach the
granular or spinous layer in order to result to infection. Such cuts or abrasions have been
reported in the literature to be a route of infection [5].
QE - mass transfer coefficient of activator E
In the absence of data, QE was estimated based on the equilibrium equation of E for DSP
(see (2.1.18)) and the derived estimations of EB and EG. In non-dimensional form I have
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EB = E(LPb, 0) =
(A− QE
DE
)e−2AeALPb
QE
DE
(1− e2A) + A(1 + e2A) +
(QE
DE
+ A)e−ALPb
QE
DE
(1− e−2A) + A(1 + e−2A)
EG = E(LP , 0) =
(A− QE
DE
)e−2AeALP
QE
DE
(1− e2A) + A(1 + e2A) +
(QE
DE
+ A)e−ALP
QE
DE
(1− e−2A) + A(1 + e−2A)
where A =
√
(λα + δ)/DN . As parameters EB and EG depend on QE and they are
expected to have reasonable distance between them so as to distinctively separate the
basal and spinous cell layers of the tissue, an appropriate value for QE was selected. The
non-dimensional value of QE is 10.
QV - mass transfer coefficient of FMDV
In the absence of relevant data and as activator diffusion is much higher than virus
diffusion, it was assumed that the mass transfer coefficient of FMDV is also lower than
the relevant activator parameter. The assigned non-dimensional value of QV is 5 but a
variety of other values have been explored in the sensitivity analysis of the model.
2.2.2 Model parameters
β - maximum rate of bovine epithelial cell proliferation
The growth rate of cells has been estimated as 1.33 × 10−2 h−1. The data are for lens
epithelial cells and the estimate is derived as follows. There is an initial number of 6700
cells in each well, which after 96 hours of proliferation yields 24000 cells [62]. Assuming
dN
dt
= βN ⇒ N = N0 exp βt.
Since N0 = 6700 and N(96) = 24000, then
β =
ln(N(96)
N0
)
96
' 0.0133 h−1.
The rate of cell proliferation is considered to be negligible over the timescale of interest,
since βˆ  1 (see Section 2.1.3).
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λ - uptake rate of activator by cells
Data of epithelial growth factor (EGF) were used to estimate the activator parameters.
Masui et al. (1993) estimated 125I-EGF consumption by A431 cells, a human squamous
carcinoma cell line, testing various 125I-EGF concentrations [66]. 125I (iodine-125), a
radioisotope of iodine, was used by the authors to label EGF [66]. EGF uptake rate
by A431 cells based on the data of Masui et al. (1993), was estimated to be within
the range of [3.67 × 10−19, 2.92 × 10−18] mol/h/cell, depending on EGF concentration
used. For parameter λ the maximum estimation was used which responds to an EGF
concentration of 215 nM. Estimated cell volume of epithelial cells is (height×width2)
which based on the average cell height and width of collected bovine epithelial cell data
is equal to 10.5× 10−4 × (25.6× 10−4)2 = 6.88× 10−9 cm3 (see Section 3.7). Hence,
λ = 2.92× 10−18 mol
cell× h ×
1
215
cm3
mol
× 1
6.88× 10−9
cell
cm3
= 1.97× 10−12 h−1
δ - decay rate of activator
The estimated EGF half life is about an hour [24]. Hence
ln 2
1
= 0.693 h−1
DN - diffusion coefficient of activator
For the diffusion coefficient of the activator, data of the EGF diffusion in rat somatosensory
cortex was used [102]. The effective diffusion coefficient of EGF was estimated to be to
be 5.18± 0.16× 10−7 cm2/s [102], which is equivalent to DN = 1.86× 10−3 cm2/h.
Φ - maximum rate of cell lysis due to viral infection
The results of Monaghan et al. (2003) [70] indicate that widespread cell death can be seen
as early as 3 hours post infection with FMDV, which is equal to a rate of 3.33×10−1 h−1.
K1/2 - threshold parameter for cell death
This is the threshold concentration of resource at which the cell moves from the healthy
to the dying state. In the absence of relevant data its estimate was set in consultation
with an FMDV expert, based on experimental observations [56]. It is expected that cells
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die when after most of their resource is consumed, thus K1/2 was decided to be set at
0.04×K0 = 38.1 cm−1.
ξ - maximal replication rate of FMDV
The estimation of the maximal replication rate of FMDV is based on a reduced model
which assumes the cellular space fraction to be 1 (see Appendix A). The reduced model
equations give
Vc(t1) + ξK(t1) = Vc(t2) + ξK(t2),
which leads to an estimation of ξ through known concentrations of intracellular virus
and intracellular resource at two different time points. Data show viral concentration for
FMDV O serotype at one hour post infection to be Vc(1) = 4 × 104 PFU/ml and three
hours post infection to be Vc(3) = 6× 107 PFU/ml [71]. In the absence of information in
respect to the number of cells used in the experiments of the study providing this data, an
approximation of cells per ml was employed assuming that volume equates to cell volume
(see Section 2.2.2 for the estimation of cell volume). The average cell height was then
used to modify the units to PFU per cm (see Section 3.7). Therefore
Vc(1) = 4× 104 PFU
ml
× 1
4× 108
ml
cell
× 1
10.5× 10−4
cell
cm
= 9.52× 10−2 PFU
cm
,
Vc(3) = 6× 107 PFU
ml
× 1
4× 108
ml
cell
× 1
10.5× 10−4
cell
cm
= 1.43× 102 PFU
cm
.
Monaghan et al. (2004) mention that extensive cytopathic effect (CPE) and thus extensive
cell death occurs at about three hours post infection [71]. Using this information it is
assumed that at three hours post infection intracellular resource, K, reaches its threshold
value K1/2 which signifies the turning point for the initiation of high level cell death.
Assuming also that intracellular resource at 1 hour post infection is nearly intact (K(1) =
K0), parameter ξ is estimated to be equal to 1.56× 10−1 PFU/resource.
ρ - rate at which FMDV uses up intracellular resource
The reduced model employed for the estimation of ξ (see Appendix A), is also used for
the estimation of ρ. Equation
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ρ =
a
ξK
is used for the estimation of ρ, where
a =
1
t2 − t1 ln
Vc(t2)
Vc(t1)
.
Data of Monaghan et al. (2004) of intracellular virus and resource used in the estimation
of ξ, are also employed here [71] . Parameter a is estimated to be equal to 3.66 h−1,
leading to an estimate of ρ = 2.46× 10−2 ((PFU/cm) × h)−1.
µ - virion-cell affinity and internalisation rate
Data for the estimation of this parameter where obtained from a study where a BHK-21
cell culture was infected with FMDV serotype C [11]. In this experiment 2 × 106 cells
were infected with multiplicity of infection (MOI) of 5 PFU per cell. There was then an
absorption period of 1 hour at 37◦C, after which the viral load was 2 × 102 PFU. Using
this data it is estimated that
µ =
absorbed PFU
inoculated PFU× hours =
2× 102 PFU
5× 2× 106 PFU× h = 2× 10
−5h−1.
γ - rate of non-lytic FMDV release
Release of FMDV by live cells was reported to occur at some extent by neutrophils in calf
tonsil epithelia [23], but since neutrophils are white blood cells this information is not
considered relevant to our model. A further report of non-lytic FMDV release is found
in Blackwell et al. [14] where bovine mammary gland secretory cells were recorded to
release FMDV while alive. The authors suggest this happens by the employment of the
exocytotic cell mechanisms which are normally used for the production and release of milk
products. Given the specialised nature of these mechanisms, this information is also not
considered relevant to this work. The absence of appropriate data relevant to epithelial
cells for such a well studied disease [9, 45] is considered indicative of the absence of live
cell release. With this in mind, the rate of non-lytic FMDV release is set to be equal to
zero but other values have also been explored (see Section 2.4.7).
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DI - diffusion coefficient of FMDV
Diffusion coefficient of FMDV was estimated to be 3.67 × 10−4cm2/h [21]. Comparing
this estimate with data for other viruses, I can assume that the parameter is in the range
[2.7, 5.18]× 10−4cm2/h [6, 18, 19, 61, 63, 87, 97].
ρB, ρS - define the vulnerability of the basal and spinous cell layers respectively
to FMDV replication
As both basal and spinous layers are vulnerable to FMDV infection and in the absence
of information about differences in viral replication between these, I assume they have
the same level of vulnerability to FMDV replication. Parameters ρB and ρS are therefore
both assigned the value 1, though differences between layers have also been explored in
the sensitivity analysis of the model (see Section 2.4.4).
µB, µS - define the vulnerability of the basal and spinous cell layers respectively
to FMDV infection
Monaghan et al. (2005) presented data suggesting differences in the expression of integrin
αvβ6 between basal and spinous cells [72]. The authors have also proposed αvβ6 as
the major receptor determining tropism in FMDV infected epithelial tissues, based on
data evident of its presence in tissues such as the tongue and its absence from DSP.
Nevertheless, for the purpose of this work and as other receptors have also been shown
to facilitate FMDV infection of epithelia, tongue and DSP are assumed to have the same
virion-cell affinity and internalisation rate, µ. Furthermore, as no quantification of the
differences in the expression of αvβ6 between basal and spinous cells is available, both
layers are assumed to have the same vulnerability to infection. Parameters µB and µS are
both assigned the value 1 as a starting point of the system investigation, but differences
between layers have also been explored in the sensitivity analysis of the model (see Section
2.4.4).
m1 - exponent in function f
This parameter, which defines the rate of transition of cell death, is set at 4 given the
assumption that the switch transition from the healthy cell to the dying state is relatively
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sharp.
m2, m3 - exponents in functions gB and gG respectively
Both parameter was assigned the value 80, as it is assumed functions gB and gG change
values rapidly at the threshold between basal and spinous layers, and spinous and granular
layers respectively.
LP - thickness of dorsal soft palate
The average thickness of dorsal soft palate as estimated by collected data of average
number of cells per cell layer and average height of cells in each cell layer is 1.71×10−2cm
(see Table 3.1).
LT - thickness of tongue
The average thickness of live tongue epithelial tissue as estimated by collected data of
average number of cells per cell layer and average height of cells in each cell layer is
1.66 × 10−1cm (see Table 3.1). In this estimation the corneal layer was excluded since
individual cells cannot be identified.
LPb - threshold of spinous cell layer in dorsal soft palate
This is the average thickness of the basal layer in dorsal soft palate and the threshold of
spinous cell layer. It is estimated using collected data of average number of cells in the
basal cell layer and average height of cells in this layer and it is 1.41× 10−3cm (see Table
3.2).
LTb - threshold of spinous cell layer in tongue
This is the average thickness of the basal layer in tongue and the threshold of spinous
cell layer. It is estimated using collected data of average number of cells in the basal cell
layer and average height of cells in this layer and it is 1.22× 10−3cm (see Table 3.2).
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LTg - threshold of granular cell layer in tongue
This is the average thickness of the basal and spinous layers combined in tongue and the
threshold of granular cell layer. It is estimated using collected data of average number of
cells per cell layer and average height of cells in each layer and it is 1.59 × 10−1cm (see
Table 3.1).
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2.3 Numerical investigation
2.3.1 Method of lines
Equations (2.1.35)-(2.1.41) consist of a system of partial differential equations. These
equations were solved simultaneously using Matlab [2] routine ode15s, which is a solver
for stiff ordinary differential equations. In order to apply this routine, equation (2.1.38)
was rewritten as

∂E
∂t
= DE
∂2E
∂x2
− λScE − δE, where  1. (2.3.1)
The method of lines [47] was applied to (2.3.1) and (2.1.40), where spatial derivatives
were replaced with central-difference approximations as follows:
∂2E
∂x2
(i) =
E(i+ 1)− 2E(i) + E(i− 1)
∆x2
(2.3.2)
and
∂
∂x
(Se
∂Ve
∂x
)(i) =
∂
∂x
(Se(i)
∂Ve
∂x
(i))
=
1
∆x
(
Se(i+
1
2
)
∂Ve
∂x
(i+
1
2
)− Se(i− 1
2
)
∂Ve
∂x
(i− 1
2
)
)
=
1
∆x
(
Se(i+ 1) + Se(i)
2
Ve(i+ 1)− Ve(i)
∆x
− Se(i) + Se(i− 1)
2
Ve(i)− Ve(i− 1)
∆x
),
(2.3.3)
where
Se(i± 1
2
) =
Se(i) + Se(i± 1)
2
.
The boundary conditions of DSP and tongue were employed so as to estimate the
above derivatives at the boundaries. On the DSP surface the following condition applies
for the activator, E,
−DE ∂E
∂x
= QEE,
which is approximated by
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−DEE(i+ 1)− E(i− 1)
2∆x
= QEE(i),
giving
E(i+ 1) = E(i− 1)− 2QEE(i)∆x
DE
.
Making the substitution in the diffusion term I have
DE
∂2E
∂x2
(i) = −2QEE(i)
∆x
− 2DEE(i)
∆x2
+
2DEE(i− 1)
∆x2
.
On the top of the tongue (granular layer) the boundary condition for the activator is
∂E
∂x
(LT , t) = 0,
but using E(i)−E(i−1)
∆x
= 0 in the code, where i = LT , would be a poor approximation.
Instead, it is assumed that ∂E
∂x
(i−1) = ∂E
∂x
(i+ 1) (mirror geometry) and then the gradient
at the boundary of the tongue is the average of the gradients at points i− 1 and i+ 1. I
therefore have
1
2
(
E(i+ 1)− E(i)
∆x
+
E(i)− E(i− 1)
∆x
)
≈ mean gradient.
Taking account of the boundary condition the mean gradient is equal to zero and con-
sequently E(i + 1) = E(i − 1). Making this substitution it is estimated (2.3.2) at the
granular-corneal boundary in the code. The viral spatial derivative at this boundary is
handled in a similar manner, using in effect Ve(i + 1) = Ve(i − 1) in the approximation
given by equation (2.3.3).
The extracellular virus, Ve, boundary condition on the DSP surface is
−DV Se∂Ve
∂x
= QV SeVe,
leading to
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−DV Se(i+ 12)∂Ve∂x (i+ 12)−DV Se(i− 12)∂Ve∂x (i− 12)
2
= QV Se(i)Ve(i),
and then to
−DV Se(i+ 1
2
)
∂Ve
∂x
(i+
1
2
) = DV Se(i− 1
2
)
∂Ve
∂x
(i− 1
2
) + 2QV Se(i)Ve(i).
Using this to estimate the double spatial derivative in the diffusion term on the DSP
surface results in
DV
∂
∂x
(Se
∂Ve
∂x
)(i) =
∂
∂x
(DV Se(i)
∂Ve
∂x
(i))
=
DV Se(i+
1
2
)∂Ve
∂x
(i+ 1
2
)−DV Se(i− 12)∂Ve∂x (i− 12)
∆x
=
1
∆x
(
−DV Se(i− 1
2
)
∂Ve
∂x
(i− 1
2
)− 2QV Se(i)Ve(i)−DV Se(i− 1
2
)
∂Ve
∂x
(i− 1
2
)
)
=
1
∆x
(
−2DV Se(i− 1
2
)
∂Ve
∂x
(i− 1
2
)− 2QV Se(i)Ve(i)
)
.
At the basement membrane, where x = 0, the delivery of the activator for both tissues
is assumed to be constant, thus E = E0. To account for this in the code, the initial
condition for E is defined and the time derivative of the activator at the boundary is set
to ∂E
∂t
(0, t) = 0.
The virus escape at the basement membrane is assumed to adhere to
−DV ∂Ve
∂x
(i) = −QV Ve(i).
which means
Ve(i+ 1)− Ve(i− 1)
2∆x
=
QV Ve(i)
DV
,
and then
Ve(i− 1) = Ve(i+ 1)− 2QV Ve(i)∆x 1
DV
. (2.3.4)
This facilitates the estimation of (2.3.3) at this boundary by substituting Ve(i − 1) with
its above equivalent.
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2.3.2 Virus introduction
The introduction of virus in the tissue is assumed to occur in the model at the entry point
defined by ep. To achieve most of viral entry to occur over a small part of the tissue and
in specific over two spatial steps in the numerical code, a Gaussian function in the form
of
Ve(x, 0) = V0 exp(−((x− ep)/σ)2) (2.3.5)
was used. Parameter ep is effectively the main entry point of virus and σ the standard
deviation of the Gaussian distribution. The latter is defined to be half the size of a spatial
step (see Table 2.6 for the numerics parameters) so as to manage a 95%×V0 introduction
of virus over two spatial steps. Furthermore, ep in the code is defined as equal to 2 × σ
or LI − 2× σ (where I=L,P) at the boundary points of the basement membrane and the
tissue/granular layer surface respectively so as to avoid any major loss of virus due to
numerical issues.
2.3.3 Numerical code parameters
Parametric Condition Value
 acceptable error in the estimation of ∂x 0.001
nx space step size defined points 51 (DSP) and 487 (Tongue)
nt time step size defined points 24
te non-dimensional time scale 16
xr non-dimensional right boundary point 1 (DSP) and 9.71 (Tongue)
σ standard deviation of Gaussian introduction of FMDV 0.01
Table 2.6: Numerical parameters
2.3.4 Sensitivity analysis-LHS
Latin hypercube sampling (LHS) [68] was applied to the model to carry out a statisti-
cal sensitivity analysis, testing parameter values within different ranges of their default
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estimates. Matlab routine lhsdesign was used for this purpose. LHS divides the range
of each parameter to as many subranges as the replicates to be run. The value of each
parameter tested by each replicate is randomly selected, but within a different subrange
each time. The whole parameter space is thus represented in the sensitivity analysis, in
combinations which are randomly chosen.
A hundred replicates were conducted for each sensitivity analysis, well above the rec-
ommended lower limit in the number of replicates, this being between X+1 and
4X
3
+ 1,
where X is the number of tested parameters [16]. Parameter values were chosen loga-
rithmically over the chosen range, with the exception of values for exponents m1,m2,m3
which were chosen linearly over the range [1, 100]. Where the layer vulnerability param-
eters, ρB, ρS, µB and µS were explored, their values were chosen logarithmically over the
range [0.01, 1].
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2.4 Results and discussion
2.4.1 Epithelial tissue structure as a potential determinant
The model was investigated numerically for both DSP and tongue epithelial tissues using
the estimated parameter values. All four entry points tested (see Table 2.3) had similar
effects on the behaviour of the system: fast and complete destruction of the intracellular
resource, K, and of the cellular fraction, Sc, and presence of intracellular virus, Vc, and
extracellular virus, Ve, in the tissue. In Figures 2.4 and 2.5 results of the cases corre-
sponding to the most likely source of infection for each tissue are presented; DSP is a site
of primary infection with FMDV [5] thus ep = 0, and tongue is usually infected through
viraemia [5] so here ep = LT . These results are independent of the differences in epithelial
tissue thickness with no signs of surviving cellular fraction when tongue thickness, LT , is
reduced to the thickness of DSP, or DSP, LP , increased to the size of tongue.
An initial exploration of the system indicated the most influential parameters to be
the viral replication parameters ξ and ρ, but parameters K1/2, µ, DV , QV , V0, m1, m2,
m3, ρB, ρS, µB and µS have been also shown to affect the model dynamics. Of these,
parameters ρB, ρS, µB and µS were initially treated as constant assuming no differences
in FMDV uptake and replication rates between layers. A sensitivity analysis was carried
out for each tested viral entry point.
In Figure 2.6 results of the LHS sensitivity analysis (see Section 2.3.4) for the default
viral entry points for DSP and tongue are presented. Because the model is highly sensitive
to parameters ξ and ρ, these are excluded from this investigation, but their effect on the
model is explored more extensively in Section 2.4.2. Parameters explored here are K1/2,
µ, DV , QV and V0 for which tested values range from 0.1× to 10× their default estimates,
and m1, m2, and m3 for which values belong to the range [1, 100]. Results presented in
Figure 2.6 are consistent with the findings of the model for the original parameter values,
predicting cell death of the entire epithelial cell column. Other tested viral entry points
provide similar results.
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Figure 2.4: Simulation results for DSP and tongue over a 48 hour timescale. Epithelium
surface used as the viral entry point for DSP and basement membrane as the viral entry
point for tongue. (a), (b) Cellular space fraction, Sc, of DSP and tongue respectively. (c),
(d) Intracellular virus load, VcSc, of DSP and tongue respectively measured in in PFU/cm.
(e), (f) Extracellular virus load, VeSe, of DSP and tongue respectively measured in in
PFU/cm. Green area at the botttom right hand corner of figure (e) indicates viral entry
in DSP. Due to different scaling of figure (f), viral entry in tongue is not visible (bottom
left hand corner). 50
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Figure 2.5: Simulation results for DSP and tongue over a 48 hour timescale. Epithelium
surface used as the viral entry point for DSP and basement membrane as the viral entry
point for tongue. (a), (b) Intracellular resource, K, of DSP and tongue respectively,
measured in cm−1 . (c), (d) Activator concentration, E, of DSP and tongue respectively.
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DSP Tongue
a b
Figure 2.6: LHS applied to the model with tested parameters ranging from 0.1 to 10 times
their estimated values shows the consistency of results in predicting destruction of the
cellular column. As parameters are varied, Sc in figure (a) of the DSP remains bounded
below 1×10−6 apart from at surface where Sc < 6×10−6. In figure (b) of the tongue, Sc is
bounded below 10−5 for most of the tissue, but closer to the granular layer Sc < 3× 10−3.
The range of possible results is plotted in 5 percentile steps (shaded), from 100 replicates.
Parameters tested: K1/2, µ,DV , QV , V0,m1,m2,m3.
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2.4.2 Sensitivity of the model to viral replication parameters
The maximal replication rate of FMDV, ξ, and the rate of FMDV resource consumption,
ρ, were highlighted during the investigation of the system as the parameters to which the
model is most sensitive. A reduction of the maximal replication rate at 7.5% of its default
estimate or a drop of the FMDV resource consumption rate at 9% of its default estimate
result in a substantial difference in the surviving cellular space fraction between tongue
and DSP (see Table 2.7). A simultaneous alteration to the values of both parameters
at 29% of their default values has a similar outcome (see Table 2.7 and Figure 2.7).
These modifications in the default values of these parameters are the minimum required
to achieve a difference in the level of cell survival between the DSP and tongue.
Parameter
modification
DSP Tongue
7.5%× ξ 88 77
9%× ρ 89 80
29%× ξ, ρ 79 67
Table 2.7: Results of the minimum surviving tissue over the epithelial cellular column
as a percentage of the initial cellular space fraction, Sc(x, 0) = α, for tested values of
parameters ξ and ρ.
Further exploration of the system in respect to the combined effect of these two pa-
rameters is presented in Figure 2.8. Values of the two parameters for which there is a
different behaviour of the system between the two tissues in regards to the levels of cell
survival can be identified, but the results are highly sensitive to small changes to these
values.
2.4.3 Effect of the level of viral uptake by cells and viral diffu-
sion in cell death
The uptake rate of FMDV by cells, µ, and the diffusion rate of FMDV, DV , did not
greatly influence the model predictions, whether varied in combination or individually.
This outcome for parameter µ is particularly unexpected as the uptake rate of virus by
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Figure 2.7: Simulation results for DSP and tongue over a 48 hour timescale for maximal
replication rate, ξ, and rate of FMDV resource consumption, ρ, both set at 0.29× their
default estimates. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue. (a), (b) Cellular space fraction, Sc, of
DSP and tongue respectively. (c), (d) Intracellular virus load, VcSc, of DSP and tongue
respectively measured in in PFU/cm.
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c d
Figure 2.8: Model sensitivity to alterations of the estimates of the maximal replication
rate of FMDV, ξ, and the rate of intracellular resource consumption by FMDV, ρ, as
exhibited by the percentage of the remaining cellular space fraction, Sc, 48 hours post
infection. (a), (b) Percentage of minimum surviving cellular space fraction over the whole
tissue column for the case of DSP and tongue respectively. (c), (d) Percentage of average
surviving cellular space fraction over the whole tissue column for the case of DSP and
tongue respectively.
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cells and therefore the receptor distribution, are generally considered of major importance
for the infection dynamics of FMDV and have been suggested as potential determinants
for epithelial cell death [54, 77]. Total destruction of both tissues is observed for µ as
low as 10−20× its default value. Alterations to the value of DV of up to three orders of
magnitude result in total or large scale destruction of the cellular space.
2.4.4 Role of potential differences in viral uptake and replication
between cell layers
As described above, the model shows that based on the current estimations of the viral
replication parameters ξ and ρ, and for any level of viral uptake, µ, (aside of µ = 0) there
is complete destruction of the whole cellular column. Consequently, any differences in
viral replication and/or viral uptake between basal and spinous layers will not affect the
occurrence of extensive cell death as long as the default estimates for the above parameters
are accepted to reflect the dynamics of the system in at least one layer. It is noted here
that extensive cell death in FMDV-infected epithelial tissues is considered to lead to the
formation of vesicular lesions regardless of the location it occurs.
Nevertheless I set out to investigate the effect of the potentially different vulnerability
of basal and spinous layers to infection and viral replication for viral replication parameter
estimates which allow the survival of cells. For this reason parameters ξ and ρ were set
to the previously identified level of 29% of their default estimates. Results (see Figures
2.9, 2.10, 2.11) show the difference in the minimum cell survival in the two epithelia
widen when basal cells are more prone to FMDV infection or replication. Interestingly
it has been suggested that integrin αvβ6, which is suggested to act as the main FMDV
receptor [72], is expressed more in spinous than basal cells [72] making the extraction
of conclusions even more complicated. Based on the model results though, it can be
suggested that different FMDV replication rates between different cell layers and different
receptor distribution between different cell layers can cause a substantial difference in the
levels of cell survival between DSP and tongue.
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Figure 2.9: Simulation results for DSP and tongue over a 48 hour timescale for maximal
replication rate, ξ, and rate of FMDV resource consumption, ρ, both set at 0.29× their
default estimates. Viral replication in the spinous layer is defined here as half that of
the basal layer. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue. (a), (b) Cellular space fraction, Sc, of DSP
and tongue respectively. Reduced levels of cellular space fraction are observed at the top
left hand corner of graph (b). (c), (d) Intracellular virus load, VcSc, of DSP and tongue
respectively measured in in PFU/cm.
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Figure 2.10: Simulation results for DSP and tongue over a 48 hour timescale for maximal
replication rate, ξ, and rate of FMDV resource consumption, ρ, both set at 0.29× their
default estimates. Viral uptake by the spinous layer is defined here as half that for the
basal layer. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue. (a), (b) Cellular space fraction, Sc, of DSP
and tongue respectively. Reduced levels of cellular space fraction are observed at the top
left hand corner of graph (b). (c), (d) Intracellular virus load, VcSc, of DSP and tongue
respectively measured in in PFU/cm.
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Figure 2.11: Simulation results for DSP and tongue over a 48 hour timescale for maximal
replication rate, ξ, and rate of FMDV resource consumption, ρ, both set at 0.29× their
default estimates. Viral replication in the spinous layer and viral uptake by the same layer
are defined here as half of that for the basal layer. Epithelium surface used as the viral
entry point for DSP and basement membrane as the viral entry point for tongue. (a),
(b) Cellular space fraction, Sc, of DSP and tongue respectively. Reduced levels of cellular
space fraction are observed at the top left hand corner of graph (b). (c), (d) Intracellular
virus load, VcSc, of DSP and tongue respectively measured in in PFU/cm.
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2.4.5 Effect of other parameters in combination with viral repli-
cation parameters
A similar effect with the interlayer variability in viral replication and/or infection was
exhibited separately by the mass transfer coefficient of FMDV, QV , and the threshold
amount of resource, K1/2. In Figures 2.12 and 2.13 results show a difference in the levels
of cell survival of DSP and tongue, for a 40% increase in the estimate of QV and a 25%
decrease in the estimate of K1/2 respectively.
2.4.6 Role of the site of infection
Maintaining the level of the maximal replication rate, ξ, and the level of resource con-
sumption by FMDV, ρ, at 0.29× their default estimates, the effect of the site of viral
entry to the epithelium was explored. DSP exhibits higher levels of cell survival than
tongue for all cases. Comparing the lowest level of cell survival for DSP, which is the
result of viral entry at a point at about two cells distance from the basement membrane,
with the highest level of tongue survival which is a result of viral entry at the basement
membrane, there is still more cell survival in the DSP. For both epithelial tissues, more
survival is observed for the viral entry points defined as default, while interestingly the
lowest levels of cell survival for the tongue are exhibited when FMDV enters on the gran-
ular layer surface or about two cells in from there. In Figure 2.14 levels of cell survival are
compared between tissues for all the tested non-default viral entry points. A sensitivity
analysis including parameters ξ and ρ comparing different viral entry points is presented
in Figures 2.15 and 2.16. All cases in Figures 2.15 and 2.16 show consistency of model
results in predicting destruction of the whole cellular column.
2.4.7 Effect of other parameters
In the investigation of the model only two more parameters were shown to have an effect
on the levels of cell survival. Results of the exploration of the rate of FMDV release by
live cells, γ, and the maximum rate of cell death, Φ, showed changes to their estimates
can limit the destruction of cellular space, but their effect is similar in both DSP and
tongue.
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Figure 2.12: Simulation results for DSP and tongue over a 48 hour timescale for maximal
replication rate, ξ, and rate of FMDV resource consumption, ρ, both set at 0.29× their
default estimates. FMDV mass transfer coefficient (non-dimensional), QV , is increased
to 7. Epithelium surface used as the viral entry point for DSP and basement membrane
as the viral entry point for tongue. (a), (b) Cellular space fraction, Sc, of DSP and
tongue respectively. (c), (d) Intracellular virus load, VcSc, of DSP and tongue respectively
measured in in PFU/cm.
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Figure 2.13: Simulation results for DSP and tongue over a 48 hour timescale for maximal
replication rate,ξ, and rate of FMDV resource consumption, ρ, both set at 0.29× their
default estimates. The threshold concentration of resource (non-dimensional), K1/2, is
set to 0.03. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue. (a), (b) Cellular space fraction, Sc, of
DSP and tongue respectively. (c), (d) Intracellular virus load, VcSc, of DSP and tongue
respectively measured in in PFU/cm.
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Figure 2.14: Simulation results of cellular space fraction, Sc, for DSP and tongue over a 48
hour timescale for maximal replication rate, ξ, and rate of FMDV resource consumption,
ρ, both set at 0.29× their default estimates. (a), (b) Basement membrane used as the viral
entry point for DSP and epithelium surface as the viral entry point for tongue respectively.
(c), (d) Viral entry point for both DSP and tongue set at LI − 3× 10−3 cm. (e), (f) Viral
entry point for both DSP and tongue set at 3× 10−3 cm.
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Figure 2.15: LHS applied to the model with tested parameters ranging from 0.1 to 10
times their estimated values shows the consistency of results in predicting destruction of
the cellular column. As parameters are varied, Sc remains bounded below 0.1 for the
majority of cases. The range of possible results is plotted in the logarithmic scale, in
5 percentile steps (shaded), from 100 replicates. (a), (b) Results of DSP and tongue
respectively for viral entry point on the tissue surface. (c), (d) Results of DSP and
tongue respectively for viral entry point on the basement membrane. Parameters tested:
ξ, ρ,K1/2, µ,DV , QV , V0,m1,m2,m3.
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Figure 2.16: LHS applied to the model with tested parameters ranging from 0.1 to 10 times
their estimated values shows the consistency of results in predicting destruction of the
cellular column. As parameters are varied, Sc remains bounded below 0.1 for the majority
of cases. The range of possible results is plotted in the logarithmic scale, in 5 percentile
steps (shaded), from 100 replicates. (a), (b) Results of DSP and tongue respectively for
viral entry point at LI − 3× 10−3 cm. (c), (d) Results of DSP and tongue respectively for
viral entry point at 3× 10−3 cm. Parameters tested: ξ, ρ,K1/2, µ,DV , QV , V0,m1,m2,m3.
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2.5 Conclusions
The model presented here accounts for differences in epithelium thickness and cell layer
structure between tongue and DSP. The numerical investigation results predict cell death
of the entire cell column in both cases. This suggests that epithelial tissue thickness and
cell layer structure differences between the tongue and DSP are not sufficient to describe
the dynamics of FMDV infection and cell death dynamics in the absence of other factors.
This is further supported by simulations where the thickness of both the tissues is altered
to resemble the other, while their cell layer structure is maintained. The results reveal
no difference in the cell death between these simulations and the initial, general case
simulations. Extensive sensitivity analysis of the system showed the model solutions to
be robust for parameter variations in the range of [0.1, 10]× the original estimates, with
the exception of viral replication parameters ξ and ρ.
Simulations demonstrated the sensitivity of the model to the maximal replication rate
of FMDV, ξ and the rate at which FMDV uses up intracellular resource, ρ. The model
shows different behaviour between the two tissues when the estimates of both parameters
are changed to 29% of their standard values, with DSP exhibiting higher cell survival
than tongue; such a large reduction is not justified by the available FMDV replication
data, however. Furthermore, these results are highly unstable to small changes in ξ and
ρ. This leads to the conclusion that the current viral replication rate estimates cannot
drive the different events of cell survival and death in the two tissues but differences in
these rates between tissues could. This latter possibility is considered unlikely based on
the currently available data on FMDV.
The experimental estimation of the maximal replication rate of FMDV and the rate of
resource usage by the virus would be an interesting route to follow in establishing whether
the estimates of the parameters, derived from the literature, are accurate. However, as
shown by the sensitivity anaylsis of these parameters, it is highly unlikely that the FMDV
replication parameters are the main determinant of cell lytic response due to the high
sensitivity of the model to changes in their values.
Results of the investigation of the uptake rate of FMDV by cells, µ, suggest that
although presence of receptors is essential for epithelial cell infection and lysis, different
receptor distribution between different epithelial tissues is not a determinant of cell death.
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Another explanation could come from the results of Monaghan et al. (2005) [72] on the
expression of integrin αvβ6 in epithelia normally infected by FMDV. Their data led them
to suggest this integrin as the major receptor related to FMDV epithelial tropism because
no expression of αvβ6 was found in infected non-lesional tissues such as the DSP, but
consistent expression was recorded in lesional epithelia such as the tongue. This would
suggest that receptor distribution could be a determinant of cell death only if αvβ6 is the
exclusive integrin of FMDV. However, integrins αvβ1 [53], αvβ3 [12] and αvβ8 [52] have
also been reported to facilitate FMDV infection. This makes it unlikely αvβ6 is the only
receptor used by FMDV.
Having explored different levels of vulnerability of basal and spinous layers to infection
and viral replication in combination with lower estimates for ξ and ρ, I can conclude
that these differences can intensify the difference in the lytic behaviour between the two
tissues. Interestingly, although the model results show a bigger gap in the levels of cell
survival between DSP and tongue for the case of reduced FMDV replication and uptake
in the spinous layer, integrin αvβ6 has been suggested to be expressed at higher levels
in spinous than basal cells [72] making conclusions even more difficult to draw. Based
on the results of this study different FMDV replication rates between different cell layers
and different receptor distribution between different cell layers cannot be yet rejected as
possible determinants of cell death.
The most interesting outcome of this model, however, is the information it provides
on the relation between the timescale of viral uptake and that of the intracellular events
leading to viral release. Once FMDV is taken up by cells, virus is released to the extra-
cellular space only when cell lysis occurs. For this to happen, sufficient viral replication
has to take place so as intracellular resource is depleted enought to trigger cell death.
This chain of events (viral replication - resource consumption - cell lysis) determines the
impact of viral uptake on the overall level of cell death, as viral uptake occurs much
faster than viral release. Different rates of viral uptake have thus negligible effect on the
system, as further cell infection depends on how fast already infected cells will die. Based
on these results, it can be suggested that the investigation of FMDV replication and its
potential inhibition is more of interest for the control of FMDV-induced cell death, than
the investigation of FMDV uptake and the distribution of FMDV receptors.
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The model of Schley et al. (2011) [90] predicted the development of lesions in thick
epithelial tissues and not in thin epithelia, only when the estimates of the basal cells
proliferation rate and the maximum cell death rate were altered. In the present study
an estimation for the proliferation rate of epithelial cells similar to the one used to the
aforementioned paper, was considered negligible for the timescale of interest and was
therefore eliminated from the model. The maximum cell death rate was investigated as a
possible parameter which affects lysis, but the results have shown this not to result in any
differences in cell death between tongue and DSP. It should be noted though that Schley
et al. estimated the average thickness of the live epithelial tissues of tongue and DSP to be
considerably lower than the estimates of the author; live tongue epithelium was estimated
to be 230µm and DSP epithelium 90µm [90]. In the present study measurements suggest
live tongue epithelium to be about 1594µm and DSP to be 171µm.
The model presented in this Chapter predicts extensive cell death in both DSP and
tongue for the current set of parameter estimates. A next step in the investigation of
FMDV dynamics in epithelial tissues, would be the inclusion of interferon antiviral action.
Interferons have been hypothesised to affect the FMDV dynamics in tongue and DSP after
experiments showed different interferon response in the two tissues [113]. The inclusion of
interferons in the system could limit the extent of cell death in the model and cast light
on the potential determinants of cell death.
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Chapter 3
Bovine epithelial tissue structure
measurements
3.1 Epithelial thickness and cell layer structure data
The absence of information about the tongue and DSP epithelial tissues motivated the
collection of epithelial cell data relating to the thickness and cell layer structure of these
tissues in order to estimate relevant parameters of the model. Data on cell density and
dimensions in each cell layer were also collected.
Two uninfected, H&E (haematoxylin and eosin) stained bovine tissue slides were used;
one of cattle soft palate and one of cattle tongue tissue (The Pirbright Institute slides
2002/3190 and 2003/2001 respectively). Measurements were made using a Leica AS
LMD microscope and Leica Laser Microdissection V 4.4 software. Data on cell height
and width, tissue thickness and number of adjacent cells were collected manually utilising
the features of the microscope software. Considering the continuous nature of epithelium
and the unclear distinction between different cell layers, in combination with the vast
area covered by the spinous layer, a distinction between different spinous sub-layers was
made to aid the collection of data. These are the lower, middle and upper spinous sub-
layers. Due to the limited number of the examined tissue slides, a manual approach in the
collection of data was considered to be the most efficient. For a higher number of samples
it would be worthwhile to select relevant imaging processing software such as CellProfiler
[26], ImageJ [85] or Imagetool [108].
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3.2 Cell size measurements
Measurements of height and width of adjacent cells in each layer/sub-layer were taken.
Ten representative areas were selected for each layer/ sub-layer and measurements of 10
adjacent cells were recorded. In total data on at least 100 cells from each layer or sub-layer
were collected. Cell width is considered to be the measurement taken in parallel to the
epithelium and cell height the measurement which is perpendicular to width. However,
due to the nature of epithelial cells and the structure of epithelium, the identification
of height and width was not always straightforward. Furthermore, some samples taken
from the upper spinous layer of DSP contained fewer than 10 cells, therefore an increased
number of samples (15) was needed in order to measure at least 100 cells in total. The
sample taking procedure was also adjusted for samples taken from the lower spinous and
middle spinous sub-layers of tongue. This is due to the thickness of these tongue sub-layers
in combination with the magnification needed to identify cells and cells’ borders impeding
taking images of the whole sample. As a result, a number of adjacent sub-samples were
taken which, when put together, depict the whole thickness of each sub-layer. Measured
cells in these sub-samples were selected to be adjacent in order to represent the whole sub-
layer. Due to the high number of cells contained in these samples, only five representative
regions were selected for cell measurements in the tongue lower and middle spinous sub-
layers. Even then, the number of measured cells still exceeded 100 in both cases (386 in
lower spinous and 164 in middle spinous). Height and width were measured in µm on a
scale of 1cm:10µm magnification. Figure 3.1a shows a sample image of cell measurements
of the middle spinous layer of the tongue.
3.3 Adjacent cells measurements
Ten representative areas, distinct from those used before, were selected and the total
number of adjacent cells spanning the whole depth of the tissue was estimated. The
layer/sub-layer of each cell was also recorded. Scale of magnification used for all samples
was 2.25cm:500µm. A sample image of DSP tissue adjacent cell estimates is given in
Figure 3.1b.
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Figure 3.1: (a) Slide 2003/2001. Example image of uninfected cattle tongue epithelium.
Measurements of height and width of selected middle spinous cells. (b) Slide 2002/3190.
Example image of uninfected cattle DSP epithelium. Estimation of number of adjacent
cells in each epithelial tissue layer. Yellow dots illustrate the counted basal cells, green
dots the lower spinous cells, orange dots the middle spinous cells and blue dots the upper
spinous cells. (c) Slide 2002/3190. Example image of uninfected cattle DSP epithelium.
Measurements of tissue thickness. (d) Slide 2003/2001. Example image of uninfected
cattle tongue epithelium. Cell density measurements in the basal layer (green dots).
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3.4 Epithelium thickness measurements
Twenty sites along the width of each tissue were selected to measure epithelium thickness.
The selection of these sites was unrelated to the areas selected for cell size or adjacent
cell measurements. In the DSP sites were chosen so as to be spread throughout the width
of the tissue and to ignore areas where the tissue was damaged during processing. For
the tongue samples these points were more accurately spaced throughout the tissue to be
equidistant from each other. In addition to the whole epithelium thickness measurements,
thickness of the tongue’s basal-spinous epithelial tissue were recorded. Measurements were
taken in µm. Scale of magnification used for DSP was 2.25cm:200µm and for tongue was
2.25cm:500µm. A sample image of DSP tissue thickness can be found in Figure 3.1c.
3.5 Cell density measurements
Ten representative regions in each layer were selected and measurements of their area
taken. Density was estimated as cells/µm2, where the selected area was estimated by the
microscope software and the cells were manually counted. Cells counted in the density
samples were cells which were either wholly or partly included in the measured area, as
long as their nucleus or most of their cytoplasm was included in this area. Cells with no
visible nucleus were also counted since they clearly still occupy space. A sample image of
tongue tissue basal cell density is given in Figure 3.1d.
3.6 Whole tissue measurements
Measurements of tongue and DSP tissues were taken during necropsy of a seven month
old calf, put down after being exposed to FMDV under controlled conditions. The animal
was part of an experiment undertaken for purposes other than this work. No clinical signs
of FMDV were observed and it is not known whether the calf was actually infected by
FMDV. Measurements provide an understanding of the spatial conditions in the tongue
and DSP, it is expected though that tissues will be larger in older animals.
Figure 3.2 shows the tongue; the tip of the tongue were lesions usually occur was an
area of about 4 cm × 4 cm, but measurements of different tongue areas were also recorded.
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Figure 3.3 shows the DSP of the animal. The dimensions of it were about 5 cm × 5 cm.
The maximum measurements of both length and width reached 6 cm.
7 cm
4 cm
14 cm
14 cm
1 cm
4 cm
Figure 3.2: Tongue sample taken from seven months old calf. Length of the whole tongue
is about 28 cm. FMDV lesions develop in the front part which is harder comparing with
the middle (but not as hard as the tongue bulb). This part extends from the tip of the
tongue up to 4 cm in, as indicated by the relevant measurement. In the same area tongue
width is also 4 cm, while further in it is 7 cm. Thickness of the whole tongue is about
1 cm (measurement includes more tissue than just the epithelium). This gets thicker as
the bulb of the tongue is approached.
3.7 Results
Cell height and width data and cell density data are summarised in Figures 3.4 and 3.5.
Cell width measurements are similar in both DSP and tongue for all layers. Cell height is
generally smaller for DSP cells, though interlayer differences are also evident with basal
cells in both tissues to have considerably lower height measurements. In DSP, lower
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5 cm
5 cm
6 cm
6 cm
Figure 3.3: DSP sample taken from seven months old calf. Dimensions of the DSP are
about about 5 cm by 5 cm, reaching a maximum of 6 cm in some cases for both directions.
DSP thickness was not measured as the actual tissues is extremely thin (white tissue in
the image).
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spinous cells have similar height as basal cells. Further analysis of the data can be found
in Appendix B.
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Figure 3.4: Epithelial cell measurements data of uninfected dorsal soft palate (DSP) and
tongue tissues, classified into basal, lower spinous, middle spinous, upper spinous and
granular layers. Central mark (red line) indicates the median value, box edges the 25th
and 75th percentiles and whiskers provide a 99.3 data coverage. Outliers are marked
in red. (a), (b) Cell height measurements (μm) in the DSP and tongue respectively.
An outlier of 159μm (and its impact) were excluded from the displayed data of tongue
lower spinus cell height. (c), (d) Cell width measurements (μm) in the DSP and tongue
respectively.
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Figure 3.5: Cell density measurements data of uninfected dorsal soft palate (DSP) and
tongue tissues, measured as number of cells per μm2 and classified into basal (Bas), lower
spinous (lowSpi), middle spinous (midSpi), upper spinous (upSpi) and granular (Gran)
layers. Central mark (red line) indicates the median value, box edges the 25th and 75th
percentiles and whiskers provide a 99.3 data coverage. Outliers are marked in red.
For the estimation of the epithelial tissue thickness of tongue and DSP two independent
methods were compared to validate estimates. Individual cell layer thickness as illustrated
in Table 3.2 was summed to basal-spinous-granular and basal-spinous thickness in Table
3.1. Direct measurement of basal-spinous-granular and basal-spinous thickness is also
displayed in Table 3.1. Results for the two methods of estimating tissue thickness are in
reasonable agreement with each other.
Although different estimates of mean cell height (in each cell layer) have been used
in the estimation of DSP and tongue thickness (see Table 3.2 and Section 2.2), no other
differences between DSP and tongue have been included in the model so as to maintain
simplicity. For the purpose of this work, average cell height and width of bovine epithelial
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cells has been estimated to be 10.5× 10−4 cm and 25.6× 10−4 cm respectively.
Epithelium thickness (µm)
Epithelial tissue type Basal-spinous-
granular
epithelium1
Basal-spinous-
granular
epithelium2
Basal-spinous
epithelium1
Basal-spinous
epithelium2
DSP N/A N/A 171 179
Tongue 1660 1820 1590 1650
Table 3.1: Collected data of epithelial tissue thickness from uninfected, H&E (haema-
toxylin and eosin) stained bovine tissue slides 2003/2001 (tongue) and 2002/3190 (DSP),
measured in microns and rounded to three significant figures 1Epithelial tissue thickness
as estimated by adding the individual cell layer thickness (see Table 3.2). 2Epithelial
tissue thickness as estimated by direct measurement of the epithelial tissue under the
microscope.
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Epithelial cell layer thickness (µm)
Epithelial tissue type Basal Lower
spinous
Middle
spinous
Upper
spinous
Granular
DSP 14.1 59.8 78.5 18.9 N/A
Tongue 12.2 1080 419 82.9 65.1
Table 3.2: Collected data of individual epithelial cell layer thickness from uninfected, H&E
(haematoxylin and eosin) stained bovine tissue slides 2003/2001 (tongue) and 2002/3190
(DSP), measured in microns and rounded to three significant figures. Data were compiled
using the mean number of cells in each cell layer and the mean height of each cell in that
particular layer.
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Chapter 4
Interferon cellular column model
4.1 Interferon
Cytokines are a superfamily of regulatory proteins [105] of the innate immune system [13].
They are produced in response to infections by pathogens and their role is to trigger the
host immune response but also moderate this when the infection is controlled [67]. At the
same time they are also responsible for many of the clinical signs of infections [48].
Type I interferon (IFN) are a subfamily of cytokines (IFN-αβ) with known antiviral
action [13]. They are produced rapidly in the infected host [96] and form the first line
of defence against pathogens [105]. Their action also leads to the stimulation of the
adaptive immune response through the activation of dendritic cells and macrophages,
and the increase in the MHC class I expression [55]. Furthermore, IFN activate NK cells
which kill virus-infected cells [55]. All cells have the ability to produce type I IFN [13],
but plasmacytoid dendritic cells are particularly efficient producing up to 1000 times more
than other cells [55].
Production of type I IFN is considered to be stimulated by a number of receptors
including TLR-3, a Toll-like receptor (TLR) able to detect the double-stranded RNA
molecules suspected to be produced during the replication cycle of all viruses, and to
induce the production of IFN-α and IFN-β [55]. IFN produced by infected cells then bind
to the IFNAR receptor complex [13] on the surface of neighbouring cells leading to the
production of antiviral proteins [55] and more IFN [13].
IFN have antiproliferative action while they maintain significant control over apoptosis
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[44]. Several studies have shown IFN to be responsible for initiating a pro-apoptotic state,
aiding in the removal of infected cells [84, 99]. They also inhibit viral release from live
cells but their main antiviral action is considered to be the inhibition of viral replication
[41, 55, 84].
Viruses in turn have mechanisms which they use to antagonise IFN by inhibiting their
production and signalling [41, 84]. Highly effective viral antagonists lead to high host
pathogenicity [41, 76]. Suppression of the IFN production has been shown to lead to the
rapid growth and spread of FMDV, while the development of plaques has been related
with the suppression of IFN-α and IFN-β expression by FMDV [29]. Nevertheless, rapid
destruction of host cells may not be to the benefit of viruses as they depend on the former
for their replication and long-term survival [41].
The antiviral action of IFN makes them a good candidate for driving the different
response of FMDV-infected DSP and tongue. A previous study on FMDV infection and
cytokine expression (including type I IFN) in the two tissues showed a 103 − 104-fold
higher expression of cytokines in tongue than DSP [113]. The authors of the study in
question speculated that cytokines may influence the different FMDV dynamics in the two
tissues [113]. A simplified form of the complicated type I IFN dynamics was incorporated
in the cellular column model with the aim to explore the nature and the impact of their
interaction with FMDV.
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4.2 Mathematical model
4.2.1 Static-cell IFN model
Following on from the static-cell cellular column model described in Chapter 2, a static-
cell cellular column IFN model has been developed. The model maintains the variables,
parameters and properties of the original model, with the inclusion of the IFN dynamics
through the variables of intracellular and cellular IFN concentrations (Ic and Ie respec-
tively).
As before epithelium consists of cellular and extracellular space, Sc and Se respectively,
Se(x, t)︸ ︷︷ ︸
extracellular space fraction
+ Sc(x, t)︸ ︷︷ ︸
cellular space fraction
= 1. (4.2.1)
Over time cellular space fraction reduces due to cell death while extracellular space
fraction increases. Cell death is an outcome of the damage FMDV replication inflicts to
infected cells, however, IFN involvement is also reported [84, 99]. In the model cell death
is identified either as FMDV-induced cell death (at a rate Φf(K)Sc) or IFN-mediated
death of infected cells (at a rate ΨfD(Ic, Vc)Sc), where Ψ is the maximum hourly rate of
such death. The evolution equations for cellular and extracellular space are
(4.2.2)
∂
∂t
(Sc) = − Φf(K)Sc︸ ︷︷ ︸
FMDV-induced cell lysis
− ΨfD(Ic, Vc)Sc︸ ︷︷ ︸
IFN-mediated cell death
,
(4.2.3)
∂
∂t
(Se) = Φf(K)Sc︸ ︷︷ ︸
FMDV-induced cell lysis
+ ΨfD(Ic, Vc)Sc︸ ︷︷ ︸
IFN-mediated cell death
.
The activator, E, dynamics remain the same as for the static-cell cellular column
model.
DE
∂2E
∂x2︸ ︷︷ ︸
activator diffusion
− λScE︸ ︷︷ ︸
activator uptake by cells
− δE︸︷︷︸
activator decay
= 0. (4.2.4)
IFN antiviral action is mainly considered to affect viral replication. In the model this
is accounted of by an inhibition function fR(Ic). IFNs are also likely to impact on viral
release by live cells, while it is speculated that viral uptake is also reduced. Through
81
functions fL(Ic) and fU(Ic) inhibitory effects of IFNs on the dynamics of viral release and
viral uptake are incorporated in the model. All three functions of the IFN antiviral action
are described in Section Response functions below. While FMDV-induced cell lysis leads
to virus being released in the extracellular space, it is assumed here that during IFN-
mediated death of infected cells, virus and IFNs are deactivated and removed from the
system.
(4.2.5)
∂
∂t
(VcSc) = ξρKhR(E)gG(E)fR(Ic)VcSc︸ ︷︷ ︸
FMDV replication
+µgG(E)hU(E)fU(Ic)VeSc︸ ︷︷ ︸
FMDV uptake by cells
− γfL(Ic)VcSc︸ ︷︷ ︸
FMDV release by live cells
− Φf(K)VcSc︸ ︷︷ ︸
FMDV release due to FMDV-induced cell lysis
− ΨfD(Ic, Vc)VcSc︸ ︷︷ ︸
FMDV loss due to IFN-mediated cell death
(4.2.6)
∂
∂t
(VeSe) = −µgG(E)hU(E)fU(Ic)VeSc︸ ︷︷ ︸
FMDV uptake by cells
+ γfL(Ic)VcSc︸ ︷︷ ︸
FMDV release by live cells
+ Φf(K)VcSc︸ ︷︷ ︸
FMDV release due to FMDV-induced cell lysis
+DV
∂
∂x
(
Se
∂Ve
∂x
)
︸ ︷︷ ︸
FMDV diffusion
Intracellular resource, K, is depleted during FMDV replication while some resource is
also removed from the system when cells die by either type of cell death.
∂
∂t
(KSc) =− ρKhR(E)gG(E)fR(Ic)VcSc︸ ︷︷ ︸
loss of resource due to FMDV replication
− Φf(K)KSc︸ ︷︷ ︸
loss of resource due to FMDV-induced cell lysis
− ΨfD(Ic, Vc)KSc︸ ︷︷ ︸
loss of resource due to IFN-mediated cell death
(4.2.7)
In the system IFNs are considered to be only produced locally. IFN production is
first triggered by viral infection. IFNs are released by cells at a rate γIIcSc and diffuse
through the extracellular space at a rate DI
∂
∂x
(
Se
∂Ie
∂x
)
to reach neighbouring cells. There
they bind to cells at a rate µIhIUgGIeSc, stimulating what is believed to be a low level
IFN production in uninfected cells. This serves in preparing uninfected cells to respond
to infection. In infected cells IFNs operate in synergy with virus to produce even higher
levels of IFN.
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IFN production dynamics are regulated in the model by an exponential function. The
selection of the function was based on its ability to abide to the biological properties
of the system and it is only one of the functions which could describe effectively the
IFN production dynamics. Parameters 1 and 3 in the IFN production term define the
level of production due to virus action alone and due to combined IFN-FMDV action
respectively. Limitations in the level of production are imposed by parameters 2 and 4
which define the limits of FMDV-induced and IFN-induced production respectively, while
θ is the hourly production constant.
Inter-layer variability in IFN production and IFN uptake by cells is described by
functions hI and hIU which are described in Section Response functions. Both in cellular
and extracellular space IFNs undergo through a natural decay phase, while some of them
are released due to FMDV-induced cell lysis while others are deactivated because of IFN-
stimulated infected cell death.
(4.2.8)
∂
∂t
(IcSc) = θ(Ic + 1Vc + 3IcVc)e
(−4Ic−2Vc)hI(E)gG(E)Sc︸ ︷︷ ︸
IFN production
+µIhIU (E)gG(E)IeSc︸ ︷︷ ︸
IFN uptake by cells
− γIIcSc︸ ︷︷ ︸
IFN release by live cells
− Φf(K)IcSc︸ ︷︷ ︸
IFN release due to FMDV-induced cell lysis
− ΨfD(Ic, Vc)IcSc︸ ︷︷ ︸
IFN loss due to IFN-mediated cell death
− δIcIcSc︸ ︷︷ ︸
IFN decay in cells
(4.2.9)
∂
∂t
(IeSe) = −µIhIU (E)gG(E)IeSc︸ ︷︷ ︸
IFN uptake by cells
+ γIIcSc︸ ︷︷ ︸
IFN release by live cells
+ Φf(K)IcSc︸ ︷︷ ︸
IFN release due to FMDV-induced cell lysis
+DI
∂
∂x
(
Se
∂Ie
∂x
)
︸ ︷︷ ︸
IFN diffusion
− δIeIeSe︸ ︷︷ ︸
IFN decay in extracellular space
IFN model parameters are summarised in table 4.1 with details of their estimation in
Section 4.4.
Response functions
Functions gB(E) and gG(E) defining epithelium structure in terms of activator, E, and
f(K) describing cell state in terms of intracellular resource, K, remain the same in the
IFN cellular column model as defined previously in Chapter 2 :
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(4.2.10)gB =
Em(Em0 + E
m
B )
Em0 (E
m + EmB )
,
(4.2.11)gG =
Em(Em0 + E
m
G )
Em0 (E
m + EmG )
,
(4.2.12)f(K) =
K1/2
m1
K1/2
m1 +Km1
.
Functions hR(E) and hU(E) also remain the same, determining inter-layer variability in
FMDV replication or FMDV uptake by cells respectively.
(4.2.13)hR(E) = ρS + (ρB − ρS)gB(E),
(4.2.14)hU(E) = µS + (µB − µS)gB(E).
In a similar manner functions hI(E) and hIU (E) of inter-layer variability of IFN pro-
duction and IFN uptake by cells respectively, are defined. Both are bound by [0, 1], with
hI(E) ' ζS and hIU (E) ' ηS in the spinous layer and hI(E) ' ζB and hIU (E) ' ηB in
the basal layer. Higher IFN production in the basal layer is expressed by ζB > ζS, while
the absolute difference between the two parameters is a measure of the difference in the
IFN production between cell layers. Parameters ηB and ηS of the cell layer competence
to uptake IFNs are specified in a similar way.
(4.2.15)hI(E) = ζS + (ζB − ζS)gB(E),
(4.2.16)hIU (E) = ηS + (ηS − ηS)gB(E).
IFN-mediated cell death is considered to affect only infected cells in the system. Fur-
thermore high IFN concentration is speculated to be required for this to come into effect.
Threshold parameters VD and ID of intracellular virus and IFNs respectively, regulate
these conditions in function fD describing IFN-mediated cell death. Here fD(ID, VD) =
1
4
.
fD(Ic, Vc) =
Ic
m4
Ic
m4 + ID
m4
Vc
m5
Vc
m5 + VD
m5
(4.2.17)
IFN action takes three forms in suppressing FMDV in the model. It inhibits FMDV
replication, FMDV uptake by cells and FMDV release. Each of these actions is governed
by a different Hill-like function, namely fR, fU and fL. In the absence of IFNs all of
84
these functions are equal to 1 and therefore do not affect the virus activity. For Ic  IR,
fR(Ic) ' 0, while the same applies for the fU and fL for parameters IU and IL respectively.
(4.2.18)fR(Ic) =
IR
m6
IR
m6 + Ic
m6
(4.2.19)fU(Ic) =
IU
m7
IU
m7 + Ic
m7
(4.2.20)fL(Ic) =
IL
m8
IL
m8 + Ic
m8
Boundary and initial conditions
Boundary and initial conditions remain the same as for the cellular column model with
the addition of the conditions for cellullar and extracellular IFNs. Initially it is assumed
that no IFNs are present in the system.
t = 0 :Sc = α, Se = 1− α,K = K0, Vc = 0, Ve(x, 0) =
 V0, for x = ep0, everywhere else. ,
Ic(x, 0) = 0, Ie(x, 0) = 0.
IFNs are allowed to diffuse out of the basement membrane depending on a mass
transfer coefficient, QI .
x = 0 : E(0, t) = E0,−DV ∂Ve
∂x
(0, t) = −QV Ve(0, t),−DI ∂Ie
∂x
(0, t) = −QIIe(0, t)
x = LP :−DE ∂E
∂x
(LP , t) = QEE(LP , t),−DV ∂Ve
∂x
(LP , t) = QV Ve(LP , t),
−DI ∂Ie
∂x
(LP , t) = QIIe(LP , t).
x = LT :
∂E
∂x
(LT , t) = 0,
∂Ve
∂x
(LT , t) = 0,
∂Ie
∂x
(LT , t) = 0.
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4.2.2 Non-dimensionalisation
The IFN model is non-dimensionalised in a similar way as the cellular column model
(see non-dimensionalisations (2.1.20) and (2.1.21) in Chapter 2). In addition, the IFN
concentration variables are rescaled with parameter IR.
Ic = IRIˆc, Ie = IRIˆe. (4.2.21)
The dimensionless parameters exclusive to the IFN model are defined as follows
Ψˆ = Ψ
Φ
, θˆ = θ
Φ
, µˆI =
µI
Φ
, γˆI =
γI
Φ
,
δˆIc =
δIc
Φ
, δˆIe =
δIe
Φ
, DˆI =
DI
ΦLP
2 , QˆI =
QI
ΦLP
,
ˆ1 =
V01
IR
, ˆ2 = V02, ˆ3 = V03, ˆ4 = IR4,
IˆU =
IU
IR
, IˆL =
IL
IR
, IˆD =
ID
IR
, VˆD =
VD
V0
.
(4.2.22)
This leads to the non-dimensional form of the model which is presented below, where hats
have been removed:
(4.2.23)1 = Se(x, t) + Sc(x, t),
(4.2.24)
∂
∂t
(Sc) = −f(K)Sc −ΨfD(Ic, Vc)Sc,
(4.2.25)
∂
∂t
(Se) = f(K)Sc + ΨfD(Ic, Vc)Sc,
(4.2.26)0 = DE
∂2E
∂x2
− λScE − δE,
(4.2.27)
∂
∂t
(VcSc) = ξρKhR(E)gG(E)fR(Ic)VcSc + µgG(E)hU(E)fU(Ic)VeSc
− γfL(Ic)VcSc − f(K)VcSc −ΨfD(Ic, Vc)VcSc,
(4.2.28)
∂
∂t
(VeSe) = −µgG(E)hU(E)fU(Ic)VeSc + γfL(Ic)VcSc + f(K)VcSc
+DV
∂
∂x
(
Se
∂Ve
∂x
)
,
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(4.2.29)
∂
∂t
(KSc) = −ρKhR(E)gG(E)fR(Ic)VcSc − f(K)KSc −ΨfD(Ic, Vc)KSc,
(4.2.30)
∂
∂t
(IcSc) = θ(Ic + 1Vc + 3IcVc)e
(−4Ic−2Vc)hI(E)gG(E)Sc
+ µIhIU (E)gG(E)IeSc − γIIcSc − f(K)IcSc −ΨfD(Ic, Vc)IcSc
− δIcIcSc,
(4.2.31)
∂
∂t
(IeSe) = −µIhIU (E)gG(E)IeSc + γIIcSc + f(K)IcSc
+DI
∂
∂x
(
Se
∂Ie
∂x
)
− δIeIeSe.
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4.3 Numerical investigation
The investigation of the IFN model followed the same principles as the one for the cellular
column model (see Section 2.3). Using similar approximations at the boundary points of
the two tissues for the IFN extracellular concentration Ie as the ones performed for the
FMDV extracellular concentration, Ve, I have
Ie(i− 1) = Ie(i+ 1)− 2QIIe(i)∆x 1
DI
, (4.3.1)
on the basement membrane, and
−DISe(i+ 1
2
)
∂Ie
∂x
(i+
1
2
) = DISe(i− 1
2
)
∂Ie
∂x
(i− 1
2
) + 2QISe(i)Ie(i),
on DSP surface, while Ie(i + 1) = Ie(i − 1) applies for tongue at the granular-corneal
boundary.
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4.4 IFN parameter estimation
4.4.1 Ψ - maximum IFN-mediated infected cell death rate
A study on encephalomyocarditis virus (EMCV), a picornavirus, has showed 90% of pri-
mary embryonic mouse fibroblast cells die after 9 hours of infection [99]. Introducing
IFN-α,β antibodies the percentage of cell death drops to 40%. Using this data it is es-
timated that 50 out of every 90 cells die because of IFN-mediated cell death. The ratio
of virus-induced cell death to IFN-mediated death of infected cells is 50
40
. Combining this
with the estimate of the maximum rate of FMDV-induced cell lysis, Φ, (0.333h−1) the
estimation of Ψ is derived
Ψ =
50
40
Φ = 1.25× 0.333 h−1 = 0.416 h−1.
The above is based on the assumption that parameter Φ concerns only FMDV-induced
cell death, since its estimate was based on data of FMDV infection of BHK cells [70].
Chinsangaram et al. have observed that IFN produced by a BHK cell line do not exhibit
antiviral activity [29].
4.4.2 µI - IFN uptake by cells rate
In the absence of data on IFN uptake by cells, the activator or FMDV uptake rates could
be both used to derive an estimation for µI .
It is known that EGF receptors on cells are many more than IFN receptors [20]. Data
show IFN-α,β receptor to have an abundance of 2− 5× 103 per cell [57]. EGF data from
experiments on A431 cell line show EGF receptors to be as many as 2.5 × 106 per cell
[27, 37]. This is a high estimation comparing with other cell lines [37], but since the
estimation of the activator uptake rate, λ, was also based on A431 cell data, the above
estimation of the number of receptors is the most relevant. Assuming that both IFN and
EGF receptors uptake one unit per receptor, the ratio of IFN to EGF receptors can be
combined with the estimation of λ to estimate the uptake rate of IFN. This is
µI =
3.5× 103
2.5× 106 × λ
= 1.4× 10−3 × 1.97× 10−12 h−1
= 2.76× 10−15 h−1.
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In a similar manner, basing the estimation of µI on an average number of 5 × 103
FMDV receptors per cell (between 103 − 104 as cited by [45]), IFN uptake rate is
µI =
3.5× 103
5× 103 × µ
= 0.7× 2× 10−5 h−1
= 1.4× 10−5 h−1.
Although uptake rates are not expected to be only dependent on the number of avail-
able receptors, relating uptake rates of FMDV and IFN is considered more appropriate
than relating those of EGF and IFN. This is due to the antagonistic nature in the dynamics
of the former two. The estimate used for µI is therefore 1.4× 10−5 h−1.
4.4.3 δIc, δIe - intracellular and extracellular IFN decay rates
Half-life of IFN in the circulation is estimated to be 12.4± 1 hours [80]. The decay rate
of IFN is thus
ln 2
12.4 h
= 5.59× 10−2 h−1.
In the absence of further data, this estimation will be accepted for both the cellular and
extracellular IFN decay rates.
4.4.4 DI - IFN diffusion coefficient
Aqueous diffusion coefficients of different cytokines were estimated to be between 8.2 ×
10−7 − 1.23 × 10−6 cm2/s [8]. According to these estimates, the diffusion coefficient of
IFN-γ is 8.2×10−7 cm2/s, which is equal to 2.95×10−3 cm2/h. The diffusion coefficient for
type I IFN is expected to be faster than the relevant rate for FMDV [48], but slower than
that of EGF as the latter protein has lower molecular mass (EGF: 6-6.4 kDA [86, 100],
IFN-α: 18 kDA[110]). The above estimation of IFN-γ satisfies these and will be accepted
as the estimation of the diffusion co-efficient of type I IFN.
4.4.5 QI - IFN mass transfer coefficient
Based on the previous estimates of the mass transfer coefficients of EGF, QE, and FMDV,
QV , and given that IFN mass transfer coefficient, QI , is expected to lie between the two
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(in the same way as the IFN diffusion coefficient DE > DI > DV ), it is assumed QI = 8
(non-dimensional value). In dimensional terms this is 4.56× 10−2 cm×h−1.
4.4.6 γI- IFN release rate by live cells and
θ - maximal production rate constant
Tan et al. [98] provide data on intracellular and extracellular IFN for the first hour after
stimulation of rabbit cell cultures with a substance (polyI.polyC) which simulates infec-
tion. A reduced model is thus considered, where in the absence of virus and in the very
initial stages of IFN production there is only IFN production, release by cells and natural
decay.
dIc
dt
= θIce
−4Ic − γIIc − δIcIc
dIe
dt
= γIIc − δIeIe
As in the very initial stages of IFN production Ic is very small, the above system reduces
to the following two equations
(4.4.1)
dIc
dt
= θIc − γIIc − δIcIc,
(4.4.2)
dIe
dt
= γIIc − δIeIe.
Using Maple to solve this set of ODEs, the analytical solution is
(4.4.3)Ic (t) =
Ic (t1) e
−(−θ+γI+δIc )t
e−(−θ+γI+δIc )t1
,
Ie (t) =
(
γIIc (t1) e
−(−θ+γI+δIc )t+δIe t
(−θ + γI + δIc − δIe) e−(−θ+γI+δIc )t1
+
e−δIe t1e−δIc t1+δIe t1−γI t1+θt1γIIc(t1) + Ie(t1)δIce
−(−θ+γI+δIc )t1 − Ie(t1)δIee−(−θ+γI+δIc )t1
e−δIe t1 (−θ + γI + δIc − δIe) e−(−θ+γI+δIc )t1
+
Ie(t1)γIe
−(−θ+γI+δIc )t1 − Ie(t1)θe−(−θ+γI+δIc )t1
e−δIe t1 (−θ + γI + δIc − δIe) e−(−θ+γI+δIc )t1
)
e−δIe t.
(4.4.4)
Data on Ic and Ie at 20 and 30 minutes post initiation of IFN production, show Ic(0.333) =
200, Ie(0.333) = 4, and Ic(0.5) = 6000, Ie(0.5) = 150 [98]. Here IFN units are arbitrary
units defined for the specific experiment [98]. Combining this data with the estimation
of γI and θ based on the analytical solution of the system, leads to θ = 20.9 h
−1 and
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γI = 5.14 × 10−1 h−1. In the absence of further data, this estimation of γI is adopted
for the numerical investigation of the model. For parameter θ however, data exist on the
maximum production of IFN by cells and could be used to obtain a better understanding
of what could be an appropriate estimate for the IFN maximal production constant θ.
Plasmacytoid dendritic cellls (pDC) have been shown to produce 1-2 IU/cell of IFN-α
in response to infection, as estimated by Yin et al. [109] based on data of another study
[34]. This estimation was not found in the original study but the experiments in the
Feldman et al. study were conducted over an 8 hour period [34]. Based on this it is
estimated that the maximum production rate per hour of pDC is 0.25 IU/cell. PDC can
produce up to 1000 times more IFN than other cells [55], but a 10-100 fold difference
appears to be more common [30, 109]. Here an estimation of bovine epithelial cells
producing a hundredth of the maximum pDC production will be used. This is 2.5× 10−3
IU/cell/h of IFN-α. Data from Coccia et al. [30] show that for every 117 units of IFN-
α, 72 units of IFN-β are also produced. This means that IFN-α production fraction is
0.62 of the total and IFN-β is 0.38. So maximum IFN-α,β production is estimated to be
4.03× 10−3 IU/cell/h. To express this rate in units of length the estimate of the average
cell height (10.5× 10−4 cm) is used, which leads to a rate of 3.84 IU/cm/h.
Using the maximum IFN production estimation in trying to determine parameters
1, 2, 3, 4 (see below) in the IFN production term, it is evident that parameter θ has
to be much lower than 20.9 h−1 in order to obtain a maximum production rate of 3.84
IU/cm/h. Furthermore, such a high value for θ leads to high levels of cell survival in both
tissues and is thus considered unrealistic. Instead, the aforementioned estimate of θ will
be considered an upper bound for the parameter, while the estimation of the natural IFN
cell decay rate, δIc , a lower bound. Considering the maximum IFN production estimate
of of 3.84 IU/cm/h and the estimates of parameters 1, 2, 3, 4 (see below), it is assumed
that θ = 5.13 h−1.
4.4.7 1, 2, 3, 4 - IFN production term coefficients
Maintaining the properties of IFN production as described previously in this Chapter and
using the estimates of maximum IFN production and maximal IFN production rate, θ,
parameter estimates for 1, 2, 3, 4 were obtained by eye fitting of the IFN production
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term. Their estimates are
1 = 1 IU/PFU, 2 = 0.1 PFU/cm
−1, 3 = 1 PFU/cm
−1, 4 = 0.25 IU/cm
−1.
4.4.8 m4,m5 - exponents of function fD (IFN and FMDV com-
ponent respectively)
Both exponents were assigned the value 4 so as to facilitate a switch transition from
healthy to dying state above certain IFN and viral thresholds (ID and VD respectively).
4.4.9 m6,m7,m8 - exponents of functions fR, fU , fL respectively
Exponents m6,m7,m8 were all assigned the value 2 so as to accommodate a smoother
effect of the increasing concentration of intracellular IFN, Ic, on the FMDV dynamics.
4.4.10 IR - intracellular interferon threshold for viral replication
inhibition and
IL - intracellular interferon threshold for inhibition of
release of virus by live cells
Data on IFN inhibiting virus replication are available in the literature for several viruses
[82, 91]. Nevertheless, this is not suitable for the estimation of the IFN treshold for
viral replication inhibition, IR. For example, although there is data on reduction of
the replication of Rous sarcoma virus (RSV) because of IFN priming [82], this concerns
chicken embryo cells and is obtained over a period of 90 h. The data was thus considered
irrelevant for parameter estimation in a cattle model which only accounts for the first 48
h of infection.
An estimation of IR reasonable for the model was adopted for which the system will
be further explored, this meaning an estimate for which results exhibit cell survival for
DSP and some cell death for tongue. The default estimate of IR is thus 0.45 IU/cm.
It is also assumed that intracellular IFN threshold, IL, which defines the level of
inhibition of viral release by IFN in function fL, has the same value as IR.
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4.4.11 IU - intracellular interferon threshold for inhibition of
uptake of virus by cells
IFN has been observed not to have a significant impact on the uptake of FMDV by cells
[32], therefore IU is set to be very high (IU →∞), effectively causing fD → 1.
4.4.12 ID - intracellular interferon threshold for inducing IFN-
mediated death of infected cells
For IFN-mediated death of infected cells to come into effect, it is expected that high con-
centration of IFN in the intracellular space is required. To account for this the threshold
parameter ID is defined to be much higher than IR, for which an estimation has already
been obtained. Thus
ID = 50 IU/cm.
4.4.13 VD - intracellular virus threshold for inducing IFN-mediated
death of infected cells
IFN-mediated cell death only affects cells already infected. To account for this a threshold
concentration of FMDV has been set. Based on simulation results of the cellular column
model, this threshold has been set to 30 PFU/cm, which means that 3.15 × 10−2 PFU
per cell (about 3.15 of viral particles per cell) is enough for it to be considered infected.
4.4.14 ζB, ζS - define the competence of the basal and spinous
cell layers respectively to produce IFN
ηB, ηS - define the competence of the basal and spinous
cell layers respectively to uptake IFN
In the absence of data on interlayer variability of IFN production and IFN uptake by
cells, it is assumed that basal and spinous layers act in the same way and therefore all of
the above parameters are set to 1. Interlayer variability though will be explored further
in the sensitivity analysis of the model.
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4.5 Results and discussion
4.5.1 IFN antiviral action as a potential determinant
Results of the numerical investigation of the model show complete cell survival for DSP
for all tested viral entry points, while tongue exhibits some level of cell death. Comparing
results for DSP and tongue with viral entry point at the tissue surface and basement
membrane respectively, with the corresponding cases of the cellular column model (Fig-
ures 2.4 and 2.5 of Section 2.4.1), the former exhibit much lower viral loads (cellularly and
extracellularly) while intracellular resource is nearly intact (Figures 4.1 and 4.2). Cellular
IFN loads peak at a very early time point and remain at similar levels throughout both
tissues, though lower levels are observed close to the tongue granular cell layer. Extra-
cellular IFN loads are much greater, while they are higher close to the granular layer of
tongue at a time point close to 48 h post infection. This is the same spatiotemporal area
for which an increase in the intracellular viral load and a decrease in the intracellular
resource and space fraction of tongue are also observed. Cell death at this spatial point
could be a result of the boundary conditions not allowing movement of virus across the
corneal layer of tongue. It is important to remind the reader that tongue cellular column
in the graphs is nearly ten times the size of DSP.
Sensitivity analysis results show that the model is highly sensitive to alterations of
many parameters of the model as explained in detail in Sections 4.5.3-4.5.14. Nevertheless,
results are reliable within a range of values extending from /2 to ×2 the default estimates
of µ, DV , QV , V0, µI , Ψ, δIe , DI , ID and QI (Figure 4.3). Some reliability is also evident
in sensitivity results of the same parameters, within a range extending from /5 to ×5
their default estimates (Figure 4.4).
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Figure 4.1: Simulation results for DSP and tongue over a 48 hour timescale. Epithelium
surface used as the viral entry point for DSP and basement membrane as the viral entry
point for tongue. (a), (b) Cellular space fraction, Sc, of DSP and tongue respectively.
Cellular destruction is observed at the top right hand corner of the tongue graph. (c), (d)
Intracellular virus load, VcSc, of DSP and tongue respectively measured in PFU/cm. (e),
(f) Intracellular IFN load, IcSc, of DSP and tongue respectively measured in IU/cm.
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Figure 4.2: Simulation results for DSP and tongue over a 48 hour timescale. Epithelium
surface used as the viral entry point for DSP and basement membrane as the viral en-
try point for tongue. (a), (b) Intracellular resource, K, of DSP and tongue respectively,
measured in cm−1. (c), (d) Extracellular virus load, VeSe, of DSP and tongue respec-
tively measured in in PFU/cm. (e), (f) Extracellular IFN load, IeSe, of DSP and tongue
respectively measured in in IU/cm.
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Figure 4.3: LHS applied to the model with tested parameters ranging from 0.5 to 2 times
their estimated values shows the consistency of results in predicting survival of the cellular
column in DSP and some destruction in tongue. As parameters are varied, Sc remains
bounded above 0.948 for DSP, while Sc of tongue drops as low as 0.3 close to the granular
layer. The range of possible results is plotted in 5 percentile steps (shaded), from 100
replicates. (a), (b) Results of DSP and tongue respectively. Parameters tested: µ, DV ,
QV , V0, µI , Ψ, δIe , DI , ID and QI .
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Figure 4.4: LHS applied to the model with tested parameters ranging from 0.2 to 5 times
their estimated values shows the consistency of results in predicting survival of most of
the cellular column in DSP and some destruction in tongue. As parameters are varied,
Sc remains bounded above 0.84 for DSP, while Sc of tongue drops below 0.2 close to the
granular layer. The range of possible results is plotted in 5 percentile steps (shaded), from
100 replicates. (a), (b) Results of DSP and tongue respectively. Parameters tested: µ,
DV , QV , V0, µI , Ψ, δIe , DI , ID and QI .
4.5.2 Epithelial tissue structure
Interestingly, testing the model for a combination of the DSP cell layer structure and
boundary conditions with the tongue tissue thickness, and a combination of DSP thickness
with tongue cell layer structure and boundary conditions, results in full cell survival
for both. Thus, the structure of an epithelial tissue, including thickness and cell layer
structure, is important and defining in the events of cell death.
4.5.3 Sensitivity of the model to viral replication parameters
The maximal rate of FMDV replication, ξ, and the rate of FMDV resource consumption,
ρ, have been highlighted in Section 2.4.2 as the parameters to which the cellular column
model was most sensitive. The IFN model also shows high sensitivity to alterations of
these parameters with 10% increase or decrease to their default estimates having a huge
impact on the results. A 10% increase in the values of ξ or ρ leads to cell death in both
100
tissues as seen in Figures 4.5 and 4.6 respectively. In Table 4.2 the effect of such an
increase of their values on the percentage of minimum surviving cellular space fraction is
displayed. The model predicts full cell survival in both tissues for parameter values at
0.9× the default ξ or ρ estimate (Table 4.2).
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Figure 4.5: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for maximal replication rate, ξ, set at 1.1× its default estimate.
Epithelium surface used as the viral entry point for DSP and basement membrane as the
viral entry point for tongue.
4.5.4 Effect of viral replication inhibition
The threshold concentration of IFN, IR, which defines the suppression of FMDV replica-
tion also has a big impact on results for a 10% increase or decrease to its value. Results
of both cases are displayed in Table 4.2, where a decrease allows both tissues to remain
intact, while an increase leads to destruction of cellular space fraction in both tissues.
Figure 4.7 shows the results of the latter case.
In addition to parameter IR, exponent m6 of function fR defining the inhibition of
FMDV replication has an important impact on results as an increase to its value from 2
to 3 leads to full cell survival in both tissues.
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Figure 4.6: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for rate of FMDV resource consumption, ρ, set at 1.1× their
default estimate. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue.
Parameter modification
Default parameter value ×1.1 Default parameter value ×0.9
DSP Tongue DSP Tongue
ξ 57 1 100 100
ρ 64 1 100 100
IR 31 1 100 100
θ 100 100 14 5
γI 56 11 100 100
Table 4.2: Results of the minimum surviving tissue over the epithelial cellular column
as a percentage of the initial cellular space fraction, Sc(x, 0) = α, for tested values of
parameters ξ, ρ, IR, θ and γI .
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4.5.5 Impact of IFN-mediated infected cell death thresholds
Reducing the value of the IFN threshold, ID, in function fD regulating IFN-mediated cell
death to 0.1× its original value has the effect on both tissues of leading to destruction of the
cellular space fraction. Altering both ID and VD parameters of function fD simultaneously,
reducing them to 0.3× their default values has a similar effect. Results of this case are
presented in Figure 4.8. A decrease of the FMDV threshold, VD, at 0.01× its original
value though does not have much impact on either tissue.
4.5.6 Effect of IFN production
The maximal IFN production rate, θ, has a big effect on the behaviour of the two tissues
with respect to cell death. At 1.1× its default estimate full survival is observed in both
tissues, while for 0.9× the default value cell death occurs in both tissues. Results are
summarised in Table 4.2, while in Figure 4.9 the latter case is presented.
In addition, parameters 1 and 3 regulating IFN production in response to FMDV
concentration and to FMDV and IFN concentration combined, respectively affect the
dynamics of the model. Parameter 1 intensifies the difference in the two tissues when
decreased by 10% (Figure 4.10), while 3 causes more death in both tissues for the same
decrease (Figure 4.11).
4.5.7 Role of IFN release by cells
At 1.1× the default estimate of the rate of IFN release by cells, γI , DSP and tongue show
evidence of cellular space decline (Figure 4.12). At 0.9× its default estimate γI leads to
survival of the whole cellular column in both tissues. Results of both cases are displayed
in Table 4.2.
4.5.8 Role of natural IFN decay
Intracellular IFN natural decay, δIc , has a significant impact on the dynamics of the
system in contrast with extracellular IFN natural decay, δIe . The latter does not have
much affect on either of the tissues, even for values equal to 100× or 0.01× its default
estimate. Parameter δIc however, deepens the gap between the two tissues for values up
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Figure 4.7: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for fR function IFN threshold IR set at 1.1× its default estimate.
Epithelium surface used as the viral entry point for DSP and basement membrane as the
viral entry point for tongue.
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Figure 4.8: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for ID and VD thresholds of fD function set at 0.3× their de-
fault estimates. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue.
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Figure 4.9: Simulation results for the cellular space fraction of (a) DSP and (b) tongue over
a 48 hour timescale for maximal IFN production constant θ set at 0.9× its default estimate.
Epithelium surface used as the viral entry point for DSP and basement membrane as the
viral entry point for tongue.
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Figure 4.10: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for IFN production term parameter 1 set at 0.9× its default esti-
mate. Epithelium surface used as the viral entry point for DSP and basement membrane
as the viral entry point for tongue.
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Figure 4.11: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for IFN production term parameter 3 set at 0.9× its default esti-
mate. Epithelium surface used as the viral entry point for DSP and basement membrane
as the viral entry point for tongue.
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Figure 4.12: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for IFN release by live cells rate, γI , set at 1.1× its default esti-
mate. Epithelium surface used as the viral entry point for DSP and basement membrane
as the viral entry point for tongue.
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to 1.6× its default estimate (Figure 4.13). Above this DSP starts to exhibit cell death.
Both tissues remain intact for δIc values of 0.6× its default estimate or less.
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Figure 4.13: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for IFN intracellular decay, δIc , set at 1.6× its default estimate.
Epithelium surface used as the viral entry point for DSP and basement membrane as the
viral entry point for tongue.
A summary of results on parameter values maintaining complete cell survival in DSP
but increasing the level of cell death in tongue are presented in Table 4.3.
Parameter
modification
DSP Tongue
1.6× δIc 100 19
100× µ 100 17
100×DV 100 8
100× V0 100 17
0.01×QV 100 49
Table 4.3: Results of the minimum surviving tissue over the epithelial cellular column
as a percentage of the initial cellular space fraction, Sc(x, 0) = α, for tested values of
parameters δIc , µ, DV , V0 and QV .
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4.5.9 FMDV and IFN uptake by cells
An increased rate of uptake of FMDV by cells, µ, increases the level of cell death in tongue
but not in DSP for values up to 100× its default estimate (Figure 4.14 and Table 4.3).
For 0.05× µ both DSP and tongue remain intact.
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Figure 4.14: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for FMDV uptake by cells rate, µ, set at 100× its default estimate.
Epithelium surface used as the viral entry point for DSP and basement membrane as the
viral entry point for tongue.
The rate of uptake of IFN by cells, µI , leads to similar results even if decreased by 10
orders of magnitude, to a value estimated based on receptor and uptake rates analogies
with EGF (see Section 4.4.2). Results are shown in Figure 4.15. For µI more than 15×
its default estimate though, none of the tissues exhibits reduction in their cellular space
fraction.
4.5.10 Diffusion of FMDV and IFN
Changes to the estimate of the IFN diffusion coefficient, DI , between 100× and 0.01× its
default estimate have a negligible effect on the levels of cell death and survival of the two
tissues. Virus diffusion, DV , though has a different effect with values at 0.6× its default
estimate leading to full survival of both DSP and tongue, while increases up to 100× its
default estimate to deepen the gap between the two keeping DSP always intact. Figure
4.16 exhibits the latter case (see also Table 4.3).
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Figure 4.15: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for FMDV uptake by cells rate, µI , set at 2.76 × 10−15 h−1.
Epithelium surface used as the viral entry point for DSP and basement membrane as the
viral entry point for tongue.
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Figure 4.16: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for FMDV diffusion coefficient, DV , set at 100× its default esti-
mate. Epithelium surface used as the viral entry point for DSP and basement membrane
as the viral entry point for tongue.
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4.5.11 Infection dose and intracellular resource threshold defin-
ing cell death rate
DSP remains intact for variations to the infection dose, as defined by FMDV concentration
V0, of 100× to 0.01× its default estimate. Tongue though is more affected by modifications
to the infection dose, with values up to 100 × V0 to increasingly deepen the gap in cell
survival between this tissue and DSP (Figure 4.17 and Table 4.3), while for 0.01× V0 no
cell death is observed in the tissue. Regarding the case of the 100-fold increase in the viral
load introduced in the two epithelia, it is important to note that the boundary conditions
at the granular-corneal interface of the tongue and the surface of the DSP could have an
effect. This is because the virus cannot escape at this boundary of the tongue, but it can
escape at the surface of the DSP.
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Figure 4.17: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for concentration of FMDV infectious dose, V0, set at 100× its
default estimate. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue.
Modifications to the default estimate of the intracellular resource threshold, K1/2 cause
similar effects on both tissues with either increasing survival of tongue, or declining cellular
space fraction levels in both DSP and tongue.
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4.5.12 Mass transfer coefficients
The mass transfer coefficient of IFN, QI , has a minor impact on cell survival for parameter
values between 100× and 0.01× its default estimate. The same does not apply for mass
transfer coefficient of FMDV, QV , which causes full cell survival for both tissues for
100× its default estimate, while it enhances the difference in the level of cell survival for
0.01×QV (Figure 4.18 and Table 4.3).
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Figure 4.18: Simulation results for the cellular space fraction of (a) DSP and (b) tongue
over a 48 hour timescale for mass transfer coefficient of FMDV, QV , set at 0.01× its
default estimate. Epithelium surface used as the viral entry point for DSP and basement
membrane as the viral entry point for tongue.
4.5.13 Impact of site of infection
As in the cellular column model, the site of infection in the IFN model has also been shown
to have a significant impact on the level of cell death, for viral replication parameters which
allow full cell survival in DSP and tongue. The discrepancy in the survival levels between
different sites is even bigger as shown in Table 4.5, where all other parameters remain
at their default values. For all different sites of infection DSP presents full survival of
its cellular space fraction. Interestingly, tongue exhibits greater destruction when virus
enters on the granular-corneal boundary or about two cells deep from this than both its
default site of entry which is the basement membrane and two cells in from this.
111
4.5.14 Role of potential differences between cell layers
Potential differences in the cell layer vulnerability to infection, FMDV replication, IFN
uptake and IFN production were explored by a set of sensitivity analyses altering the
values of µB, µS, ρB, ρS, ηB, ηS, ζB and ζS. As defined previously, parameters µB and µS
define the vulnerability of the basal and spinous cell layers respectively to FMDV infection,
ρB and ρS the vulnerability of the basal and spinous cell layers respectively to FMDV
replication, ζB and ζS determine the competence of the basal and spinous cell layers
respectively to produce IFN, and ηB and ηS the competence of the basal and spinous cell
layers respectively to uptake IFN. Cases explored are displayed in Table 4.5.
Results of cases B and E show both tissues to have a wide range of levels of cell
survival, these extending from near total cell column destruction to full cell survival.
Case C exhibits similar behaviour though in this one, tongue shows definite death of
some part of the cellular column close to the granular-corneal boundary (Figure 4.19).
a b
Figure 4.19: LHS applied to the model with tested parameters ranging from 0.01 to 1. As
parameters are varied, Sc takes a wide range of different values in both DSP and tongue,
but for the majority of cases Sc is consistently lower than 0.1 close to the granular layer
in tongue. The range of possible results is plotted in the logarithmic scale, in 5 percentile
steps (shaded), from 100 replicates. (a), (b) Results of DSP and tongue respectively.
Parameters tested: µB, ρB, ηS, ζS (Case C).
Case D results show survival of most of the cellular column for both tissues, though
for an area close to the basement membrane both tissues exhibit a wide range of levels of
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Site of infection DSP Tongue
Basement membrane 100 61
About two cells in from basement membrane 100 58
Live tissue surface 100 4
About two cells deep from live tissue surface 100 4
Table 4.4: Results of the minimum surviving tissue over the epithelial cellular column as
a percentage of the initial cellular space fraction, Sc(x, 0) = α, for different FMDV entry
points. Live tissue in the table includes all tissue excluding corneal layer.)
Basal Spinous
Case A lower µB, ρB, ηB, ζB explored µS = ρS = ηS = ζS = 1
Case B µB = ρB = ηB = ζB = 1 lower µS , ρS , ηS , ζS explored
Case C ηB = ζB = 1, lower µB, ρB explored µS = ρS = 1, lower ηS , ζS explored
Case D µB = ρB = 1, lower ηB, ζB explored ηS = ζS = 1, lower µS , ρS explored
Case E ρB = ζB = 1, lower µB, ηB explored µS = ηS = 1, lower ρS , ζS explored
Case F µB = ηB = 1, lower ρB, ζB explored ρS = ζS = 1, lower µS , ηS explored
Table 4.5: Cases of interlayer variability explored with LHS applied to the model. Pa-
rameters of each layer explored in each case range from 0.01 to 1, while the corresponding
parameter of the other layer is kept constant at 1.
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cell survival (from near total cell column destruction to full cell survival). Cases A and F
both show survival for most of DSP and tongue. There is some uncertainty in the results
for a small part of the cellular column close to the basement membrane but what is clear
in Case A (Figure 4.20) and very likely in Case F (Figure 4.21) is that cell death occurs
in tongue near the granular-corneal boundary while cell on DSP surface survive.
a b
Figure 4.20: LHS applied to the model with tested parameters ranging from 0.01 to 1. As
parameters are varied, a wide variability of Sc values is observed close to the basement
membrane, but Sc levels are consistently close to 0.95 in the rest of DSP (figure (a)) and
in most of the cellular column of tongue (figure (b)). A consistent reduction in Sc is
noted close to the granular-corneal interface in tongue, where values drop to about 0.6.
The range of possible results is plotted in 5 percentile steps (shaded), from 100 replicates.
Parameters tested: µB, ρB, ηB, ζB (Case A).
What is evident from these results is that cases exploring lower values for ρB , the
parameter defining intracellular resource consumption rate by FMDV in basal cells, all
showed tongue to exhibit cell death on its live tissue surface in contrast with DSP (Cases
A, C and F). Here live tissue refers to the whole tissue with the exclusion of the corneal
layer. Moreover all cases exploring lower values for ζB , the parameter defining IFN
production by basal cells, all showed a higher level of reliability of results (Cases A, D, F)
in comparison with those cases exploring lower values for ζS which defines IFN production
by spinous cells (Cases B, C, E).
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Figure 4.21: LHS applied to the model with tested parameters ranging from 0.01 to 1. As
parameters are varied, a wide variability of Sc values is observed close to the basement
membrane. Values of Sc are about 0.95 in the rest of DSP (figure (a)) and in the majority
of cases in the most of the cellular column of tongue (figure (b)). A reduction in Sc is
noted close to the granular-corneal interface in tongue, where values drop to about 0.6.
The range of possible results is plotted in 5 percentile steps (shaded), from 100 replicates.
Parameters tested: µS, ρB, ηS, ζB (Case F).
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4.6 Conclusions
The IFN model results show that FMDV-IFN dynamics can lead to a difference in the
level of cell death between DSP and tongue. Furthermore, the role of epithelial tissue
structure in combination with these dynamics proved to be important. There is, however,
a large number of parameters whose estimates affect greatly the viral dynamics in the two
tissues, so it is appropriate to accept these results with some caution.
Viral replication parameters have been highlighted here as well as in the static-cell
model to be important for the events of cell death. As a 10% increase or decrease to their
values can determine whether a tissue remains intact or if cell death occurs, establishing
estimates for these parameters with specially designed experiments is crucial.
The model also shows the level of inhibition of FMDV replication due to IFN action to
be very important. The IFN concentration at which FMDV replication starts to drop is
of special interest. No data were available for its estimation, despite results showing how
critical this is for cell death or survival. In addition, it is possible that a mathematical
approach incorporating more complicated dynamics of FMDV replication inhibition is
appropriate as the function fR is significantly affected not only by the IFN threshold IR,
but also by its exponent m6.
The IFN production rate by cells has a significant impact on results, though estimates
of parameters involved with this are not considered particularly reliable. It is thus im-
portant to establish an understanding of the dynamics involved with IFN production, so
as to obtain estimates for the maximal IFN production rate θ and parameters 1 and
3 determining IFN production with respect to FMDV and combined FMDV and IFN
concentrations.
Other important IFN parameters are the rate of IFN release by live cells and the rate
of IFN natural decay in cells. The latter can amplify the gap of cell survival between DSP
and tongue, in contrast with the IFN decay in the extracellular space, which does not
have much effect on the results. It is worth considering here whether the inclusion of IFN
depletion in cells during their antiviral action may be important for the model. Results
on increased intracellular IFN decay suggest that this may be important in establishing
a different behaviour in terms of cell death between DSP and tongue.
The uptake rate of IFN by cells and diffusion coefficient of IFN have a minor impact
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on the levels of cell survival in the model. On the other hand, the uptake rate of virus by
cells and the diffusion coefficient of virus can deepen the gap of cell survival between the
two tissues. The model suggests that it is thus more important to focus on the FMDV
dynamics in regards to these parameters and establish estimates for them.
IFN-mediated cell death has a similar effect on both tissues and, therefore, it is not
likely that it contributes much to the development of lesions in tongue.
Investigation of the site of infection has shown this to have a big effect on the events
of cell death. Although tongue is considered a secondary site of infection [5], and as such
is thought to be normally infected at the basement membrane or possibly in spinous cells
close to the basement membrane [73], the model suggests that more cell death is caused
if tongue is infected on the granular surface or a few cells deeper from this. Given the
biological knowledge in the area, it is difficult to accept that lesions are generally caused
by infection close to the granular layer surface. What can be suggested from the model
outcomes is that lesions are deeper and more severe if infection occurs due to a cut or
abrasion leading to infection close to the granular tongue layer. For DSP and the default
parameter estimates the site of entry does not appear to have much impact.
A variety of cases of interlayer variability in FMDV uptake by cells, resource consump-
tion by FMDV, IFN production and IFN uptake by cells were explored. Results show that
lower consumption rate of intracellular resource by virus in the basal cells is more likely
to result in cell death in tongue than lower consumption rate by virus in spinous cells.
In the static-cell model a similar result was obtained with more cell death occurring in
tongue when the consumption rate of intracellular resource by virus was less in the basal
cells (see section 2.5). Furthermore, the results are more consistent when the production
rate of IFN by basal cells is lower than that of spinous cells. Both of these results are
intuitive as there are fewer basal cells than spinous cells in both DSP and tongue. Results
so far do not reveal a similar effect due to lower uptake of virus by basal cells, nor due to
lower uptake of IFN by spinous cells. As only a few combinations of interlayer differences
have been explored so far, it would be interesting to investigate more of these so as to
identify further patterns.
117
Chapter 5
In vitro effect of IFN cell treatment
5.1 Introduction
Although type-1 interferon (IFN) antiviral action has been shown in various studies before
[13, 41, 55, 84, 105], the combined time dynamics of IFN and FMDV in epithelial cells
have not been properly explored. In this Chapter I set out to investigate the effect of IFN
treatment on an FMDV susceptible cell line, evaluating the effect of different treatment
periods on the level of cell survival. A suitable FMDV dilution and an appropriate IFN
dilution were first identified during preliminary FMDV and IFN studies so as to facilitate
the investigation on the impact of IFN treatment on cells over the first 48 hours of
infection. The choice of FMDV and IFN concentrations was made acknowledging the
importance of three phases. Firstly, the period over which no cell death is observed in
infected cell cultures, then the period over which cell death is observed for untreated cells
but not for all treated cells, and finally the time period over which the IFN protection
wanes and all cells either treated or untreated die.
5.2 Materials and methods
5.2.1 Cells
A goat tongue epithelial cell line (ZZR21) was used for this work due to its high sensitivity
to FMDV infection, a quality which facilitates the in vitro study of FMDV [22]. Cells
were maintained in Dulbeccos Modified Eagles Medium/Hams F-12 Nutrient Mixture
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(Gibco, UK) containing 5% fetal calf serum (FCS), 100 U/ml penicillin and 100 μg/ml
streptomycin (Sigma, UK).
5.2.2 FMDV and titration by plaque forming assay
Cattle adapted FMDV O UKG 34/2001 was used in this study [28]. This is an FMDV
serotype O virus isolated from the UK during the 2001 outbreak [28]. The virus was
injected into cattle and tongue lesion material was passaged once on ZZR21 cells to
prepare the virus stock for this study. Since FMDV O UKG 34/2001 is a field virus that
causes lesions in cattle, it is an appropriate strain for the purpose of this work.
FMD lesion vesicular fluid was passaged once on ZZR21 cells and used in all the
experimental work listed here. FMDV was titrated on ZZR21 cells as described previously
[54]. Cells were grown to approximately 90% confluency in six well plates. A tenfold
dilution series of virus was prepared in PBS (Sigma, UK) and 100 μl per well of each
dilution was added to PBS-washed cell monolayers. The virus was allowed to adsorb for
15 minutes at 37◦C, 5% CO2 before the addition of 3ml per well of molten Eagles overlay
(0.6g indubiose (Ciphergen Biosystems, UK) dissolved in 25ml distilled H2O added to
75ml Eagles overlay (CSU, Pirbright), 5ml tryptose phosphate broth (Sigma, UK), 1ml
FCS, 100U/ml penicillin and 100μg/ml streptomycin (Sigma, UK)) at 37◦C. The overlay
was left to set at room temperature before the plates were transferred to 37◦C, 5% CO2
for 24 hours. Plaques were visualized by adding 3ml per well of methylene blue solution
(10% of 1% (w/v) methylene blue in ethanol, 10% formaldehyde, 80% PBS (Sigma, UK))
and incubating for 24 hours at room temperature before removing overlays and rinsing
plates. The number of plaque-forming units (PFU) per ml was calculated by counting the
individual plaques formed in each well, and dividing this by the volume of virus stock that
was applied to the well (in ml). The values calculated for each well were averaged to give
the PFU/ml within each plate. Duplicate plates were then compared. Wells where the
number of plaques was so high that individual plaques were not distinct were excluded
from the estimations.
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5.2.3 IFN
Recombinant bovine type I IFN-α1 (Novartis, Switzerland) was used for this work [40],
as this is the standard IFN used for biologically active type I IFN responses in cattle.
5.2.4 Cell killing assay
The capacity of FMDV to kill ZZR21 cells was measured using a cell killing assay adapted
from a method described previously [78]. Ninety-six well flat-bottomed tissue culture
plates (Thermo Scientific, UK) were seeded with 104 cells/well using media of nutrient
mix with penicillin streptomycin and 5% foetal calf serum (FCS). Highlight media was
used for the cell killing assay (Minimal Essential medium Eagles with Earles salts, 25mM
HEPES, NaHCO3 and Glutamine (Life Technologies, UK)) containing WRL Field an-
tibiotics (CSU, Pirbright) and 2% FCS.
Plates were seeded and then incubated at 37◦C for 31.5 (preliminary viral studies), 30
(preliminary IFN study) or 36 (FMDV-IFN experiment) hours before infection. Following
infection they were further incubated until fixing in citric acid solution (0.4% and 0.2%
concentrations of citric acid in saline (CSU, Pirbright)) and staining with methyl blue
solution at different time points. A different plate was used for each staining time point.
In the preliminary viral studies four different dilutions of virus were tested, resulting in
16 infection replicates in each plate for each dilution and a further 32 control (uninfected)
wells. In the preliminary IFN study, each IFN dilution (out of a set of four) was tested
in 16 wells per plate (100 μl of dilution per well), half of which were treated for 6 hours
and half for 30 hours. Eight wells per plate were not treated with IFN but infected, and
finally 24 were controls (untreated and uninfected). For the FMDV-IFN experiment 36
wells in each plate were kept for controls, while each treatment period was tested in 12
wells. A further 12 wells were used for untreated cells. One dilution of virus was used for
all infected cells of the FMDV-IFN experiment.
Preliminary viral studies
In the first preliminary viral study four different dilutions of virus were tested, resulting
in viral doses of 1.48× 10−4 PFU/well, 2.97× 10−6 PFU/well, 5.94× 10−8 PFU/well and
1.19 × 10−9 PFU/well (see virus quantification in Section 5.3.1). Plates were stained at
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11.5, 17, 23, 35 and 40.5 hours post infection (p.i.), though the lowest viral dilution was
not tested at the last two time points.
As results of this study (see Section 5.3.2) do not provide enough information in aid of
selecting a suitable virus concentration, a second preliminary viral study was carried out
testing higher concentrations of virus, these being 1.86 PFU/well, 1.86× 10−1 PFU/well,
1.86 × 10−2 PFU/well and 1.86 × 10−3 PFU/well. Plates were stained at 11, 17 and 24
hours p.i..
Preliminary IFN study
Having identified a candidate virus dilution to use in the FMDV-IFN experiment (1.86
PFU/well), a preliminary study testing different IFN concentrations was carried out. Four
IFN concentrations (250 IU/ml, 200 IU/ml, 150 IU/ml, 100 IU/ml) were tested for 6 and
30 hours treatment periods prior to infection. Cells treated for 30 hours prior to infection
were first treated and then plated. Cells treated for 6 hours were first plated at the same
time point as other cells and then treated by a change of media. Stainings were carried
out at 12, 20, 24 and 47.5 hours p.i..
FMDV-IFN experiment
Using the selected IFN dilution of 250 IU/ml, plates were treated over different time
periods prior to infection, these being 30.5, 12.5, 8.5 and 6.5 hours. Cells were infected
with 1.86×10−1 PFU/well and fixed and stained at 12, 20, 22, 24, 25, 36, 42 and 48 hours
p.i..
5.3 Results
5.3.1 Virus Quantification
Data obtained from plaque assays carried out as described in Section 5.2.2 were used for
the quantification of virus as PFU/ml. As the number of plaques in two different plates
was estimated to be 635 000 and 1 220 000 per ml virus respectively, an average of about
928 PFU/μl virus is estimated. As a note, the discrepancy between the estimations of
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plaques per ml virus corresponds to a difference of seven plaques between the two plates
(see Table 5.1).
Plate I Plate II
2 × 10−5 μl virus
/100 μl dilution
2 × 10−4 μl virus
/100 μl dilution
2 × 10−5 μl virus
/100 μl dilution
2 × 10−4 μl virus
/100 μl dilution
21 44 24 48
Table 5.1: FMDV quantification as PFU/ml. Number of plaques counted in plates I and
II for FMDV dilutions 2× 10−4 μl and 2× 10−5 μl of FMDV per 100 μl of dilution.
5.3.2 Selection of FMDV concentration
Although cell levels in the wells of the first preliminary FMDV study - and especially
at early time points - appear to be very low, results are consistent across the plates and
the control replicates confirm that this is not an outcome of infection. There was no
clear indication of cytopathic effect (CPE) in any of the wells for the first three stained
time points post infection (11.5, 17 and 23 hours p.i.). At 35 hours p.i. four out of 16
wells infected with the highest concentration of virus exhibited complete CPE (all cells
were dead, no blue stain is left in the wells). At 40.5 hours p.i., eight out of 16 wells
infected with the same concentration exhibit complete CPE. There was no clear CPE
for any other virus concentration at these time points. The results indicate that the
dilutions of virus used in the preliminary viral study contain inadequate concentrations
of virus for the purpose of the FMDV-IFN experiment. This is as due to the timescale
of interest (first 48 hours of infection), it is desirable to select a viral dilution which will
cause high levels of CPE at about 24 hours, providing an evident transition between
healthy and lytic/dead cells. Nevertheless, as the purpose of the FMDV-IFN experiment
is to investigate the effect of different IFN treatment periods, it is important to select a
dilution which causes CPE early enough so as to have an effective comparison between
the untreated cells and the IFN treated. For these reasons the preliminary viral study
was repeated using increased concentrations of virus.
Wells of the second preliminary viral study did not exhibit signs of CPE at 11 hours
p.i. At 17 hours p.i. the wells infected with the highest concentration of virus (1.86
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Figure 5.1: Results of the second preliminary viral study at (a) 17 and (b) 24 hours post
infection. Columns 1 and 2 (from right to left) were infected with 1.86 PFU/well, columns
4 and 5 with 1.86× 10−1 PFU/well, 7 and 8 with 1.86× 10−2 PFU/well, 10 and 11 of (a)
and 11 and 12 of (b) with 1.86× 10−3 PFU/well. The remaining columns are controls.
PFU/well) showed signs of early cell death, as the blue colour of the stain starts to fade
in some areas of the wells (see figure 5.1). At 24 h p.i. complete CPE was observed in 15
out of 16 of the wells infected with this virus concentration. At the same time point p.i.
there were also signs of CPE for the second highest concentration of virus (1.86 × 10−1
PFU/well). These results led to the selection of the 1.86 PFU/well virus dose to be used
in the preliminary IFN study.
5.3.3 Selection of IFN concentration
Results of the preliminary IFN study show low cell levels in nearly all wells of the plate
stained at 12 hours p.i., including controls. Wells which were treated for 30 hours before
infection have particularly low cell levels, possibly due to being treated before being
plated and thus missing the chance to settle normally in the wells. At 20 hours post
infection there was a clear distinction between the control wells where cells were healthy,
and infected wells where there was nearly complete CPE (see figure 5.2). Still, increased
levels of survival are observed in the wells which were treated with 250 IU/ml over a 30
hours period. At 24 hours p.i. some cells are still surviving in the wells treated with the
same concentration over the same period of time, while all other wells (excluding controls)
show complete CPE.
These results indicate that the highest concentration of IFN (250 IU/ml) is the most
123
a b
Figure 5.2: Results of the preliminary IFN study at (a) 20 and (b) 24 hours post infection.
Columns 1 and 2 (from right to left) were treated with 250 IU/ml, columns 4 and 5 with
200 IU/ml, 7 and 8 with 150 IU/ml, 10 and 11 with 100 IU/ml, while column 12 contains
the untreated wells. The remaining columns are controls. For all infected wells virus dose
of 1.86 PFU/well was used. Columns 1, 4, 7 and 10 were treated for 30 hours, while
columns 2, 5, 8 and 11 for 6 hours prior to infection.
appropriate for the main study (FMDV-IFN experiments). Moreover, it is relevant to the
maximum observed IFN detected in the circulation of cattle (unpublished data, Juleff et
al.). Nevertheless, the level of cell survival observed in the preliminary IFN study was not
adequate for the collection of clear and sufficient data. This is because even the highest
tested IFN concentration in combination with the maximum time period of treatment
appear to offer little protection to cells. Following these results it was decided to alter the
concentration of FMDV used in the experiments to the immediately lower (1.86 × 10−1
PFU/well), as this also showed evidence of CPE within the first 24 hours of infection but
can potentially prolong the period of time over which the IFN effect can be observed.
5.3.4 FMDV-IFN experiment
There is no indication of CPE at 12 hours p.i.; by 20 hours p.i., however, some level of
CPE is observed for all treatment periods (including untreated cells). This increases over
the next time points and finally leads to nearly complete or complete CPE between 36
and 48 hours p.i.. In figure 5.3 results at 25 and 48 hours p.i. are presented.
Using high resolution images of the stained plates, the level of cell survival in infected
cells was quantified by visual assessment and each well was allocated to a specific interval.
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Figure 5.3: Results of the FMDV-IFN experiment at (a) 25 and (b) 48 hours post infection.
Row 1 (from top to bottom) was treated for 30.5 h with IFN at 250 IU/ml. The same
IFN concentration was used for rows 3, 5 and 7 where cells were treated for 12.5, 8.5 and
6.5 hours correspondingly. The bottom row contained the untreated wells, while all other
rows are controls. The virus dose used for infection was 1.86× 10−1 PFU/well.
This method was chosen so that each well could be compared to the control wells within
the same plate and column in order to quantify the fraction of cells surviving.1 Results
were considered to be more consistent within the same column as multipipettes were
frequently used throughout the experiment. The five intervals used are [0,0.2], (0.2,0.4],
(0.4,0.6], (0.6,0.8] and (0.8,1] and results are presented in figure 5.4. These show higher
levels of cell survival for the 30 hours treatment than both the non-treatment and each
of the other IFN treatments.
Statistical analysis
The FMDV-IFN experiment data was analysed using multinomial logistic regression for
ordinal responses, specifically a proportional odds model. In the final model, both dura-
tion of IFN treatment and time post infection had a significant (P< 0.001) effect on cell
survival. The equations for the final model are,
ln
(
P (cell survival ≤ 0.2)
P (cell survival > 0.2)
)
= −11.0331− 0.0405XT + 0.4277XH
ln
(
P (cell survival ≤ 0.4)
P (cell survival > 0.4)
)
= −9.4964− 0.0405XT + 0.4277XH
1Stain absorbed by cells in control wells may vary between plates and columns due to experimental
conditions.
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Figure 5.4: Cell survival after different IFN treatments (no treatment, 6.5 hours, 8.5 hours,
12.5 hours, 30.5 hours), as a fraction of cell survival in relevant control wells, classified
into five intervals. Results of 12 wells obtained at each of the 12, 22, 24, 25, 36, 42 and
48 hours p.i. time points. Number of cells seeded: 104. Virus dose used: 1.86 × 10−1
PFU/well. IFN concentration: 250 IU/ml (100 μl added).
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ln
(
P (cell survival ≤ 0.6)
P (cell survival > 0.6)
)
= −8.7003− 0.0405XT + 0.4277XH
ln
(
P (cell survival ≤ 0.8)
P (cell survival > 0.8)
)
= −7.0241− 0.0405XT + 0.4277XH
,
where XT is the IFN treatment period for cells and XH is the time post infection. The
coefficient for XT is −0.0405, indicating higher survival for cells treated for longer. The
coefficient for XH is 0.4277, indicating lower survival at later time points post infection.
5.4 Discussion
In this Chapter, the effect of type-I IFN treatment on FMDV infection of cells was ex-
plored. The cell line ZZR21 was selected for this study as ZZR21 cells are highly suscep-
tible to FMDV infection and as ruminant tongue epithelial cells are directly relevant to
this work. Nevertheless a wider investigation of the IFN effect including more cell lines
susceptible to FMDV (e.g. BHK15 and SK6) and FMDV strains (e.g. strains of SAT1,
SAT2, SAT3 serotypes) would be of interest.
Using a viral dose of 1.86 PFU/well, the preliminary IFN study showed the 250 IU/ml
IFN concentration to be the only one demonstrating evidence of cell protection during the
timescales of interest and thus being the most suitable of the tested IFN concentrations
for use in the FMDV-IFN experiment. In order to be able to collect more detailed results
about the potential IFN effect on cells, it was decided to lower the virus dose for the
FMDV-IFN experiment to 1.86 × 10−1 PFU/well, given that this dilution had showed
signs of CPE in the first 24-36 hours of infection of the second preliminary study.
Results of the FMDV-IFN experiment as these are displayed in figure 5.4 exhibit a
clear difference in the fraction of surviving cells between untreated and 30.5 hours treated
cells. A difference between the 30.5 hours treatment and all other treatments is also
evident, with the former demonstrating higher levels of survival at 24, 25 and 42 hours
post infection. Statistical analysis of the experimental results using multinomial logistic
regression supports the observation that lengthy IFN treatment delays death in infected
cells.
A comparison between the 6.5, 8.5 and 12.5 hours IFN treatments does not offer any
indication of one of them providing increased protection to ZZR21 cells than the other.
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All of them though show clearly increased survival rates of cells than the untreated cells,
something which is clearly visible when comparing the wells ranked at the lowest band of
cell survival ([0,0.2]).
A relevant study by Dinter and Philipson (1962) [32] investigated the effects of IFN
treatment on calf kidney cells which were subsequently infected with FMDV subtype O2.
Fifty PFU of virus were inoculated in cell cultures pre-treated with IFN, which were then
incubated for an hour before overlays were applied. The study tested various treatment
periods starting from a minimum of one hour and going up to 12, only to find that
an 8 hours treatment was sufficient to achieve maximal resistance to FMDV infection.
Although it is difficult to compare the results of the two studies due to the different cells,
FMDV strain, period of infection, cell numbers and PFU used, we can argue that the
results of the two studies are compatible when comparing IFN treatments periods of up
to 12-12.5 hours. However, the study of Dinter and Philipson did not test the effect of
a treatment period as long as 30.5 hours which this study has shown to have the biggest
effect among the tested time periods.
Another interesting point of the Dinter and Philipson study is the data showing both
virus and IFN produced by cells to reach a peak at 36 hours p.i., when observed at 12
hours intervals over a 48 hours period. The FMDV-IFN experiment of this study has
shown that nearly all cells in infected wells die between 24 and 36 hours p.i., something
which appears to be compatible with a peak in the viral load over the same period.
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Chapter 6
Comparision of IFN model with
FMDV-IFN experiments
6.1 Introduction
The experimental results of Chapter 5 are illuminating of the timescales and concen-
trations required for IFN treatment to have a protective effect on FMDV infected goat
tongue epithelial cell (ZZR21) cultures, delaying in this way FMDV-induced cell death.
This data is a valuable source of information on FMDV-IFN dynamics in epithelial cells
and as such it will be used to test the IFN model. Results of this investigation are im-
portant in improving our understanding of the model as well as the relation between in
vivo and in vitro dynamics, while they can potentially serve to validate the IFN model.
6.2 In vitro model
The FMDV-IFN experiments described in Chapter 5 were carried out in cell monolayers.
To compare model and experimental results it is essential to use a form of the IFN model
relevant to the experimental conditions. Equations (4.2.1)-(4.2.9) of Chapter 4 remain
unchanged. Nevertheless, since the cell culture (in vitro) cells are proliferative and thus
considered relevant to basal cells, it is assumed that gB = gG = 1. Moreover, boundary
conditions of the model change as no flux conditions are assumed on both boundaries.
Thus:
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x = 0 :
∂E
∂x
(0, t) = 0,
∂Ve
∂x
(0, t) = 0,
∂Ie
∂x
(0, t) = 0,
x = LC :
∂E
∂x
(LC , t) = 0,
∂Ve
∂x
(LC , t) = 0,
∂Ie
∂x
(LC , t) = 0,
where x = 0 corresponds to the bottom of the plate and x = LC to the cell surface.
Parameter LC corresponds to the average cell height (10.5 × 10−4 cm) as estimated in
Section 2.2, since a cell monolayer is (approximately) one cell thick.
Cells of the FMDV-IFN experiments of Chapter 5 were cultivated and plated, then
treated with IFNs for various time periods (6.5 h, 8.5h, 12.5h, 30.5 h) or non-treated, and
finally infected. Initial conditions of the in vitro model reflect the experimental conditions,
thus no virus is introduced at time point zero. Instead, this is the starting point of all
IFN treatments. IFNs are introduced on the cell surface and in the extracellular space,
so as to emulate the introduction of IFNs on the surface of the cell monolayer by the use
of cell media.
t = 0 :Sc = α, Se = 1− α,K = K0, Vc = 0, Ve = 0, Ic = 0, Ie(x, 0) =
 Itreat, for x = LC0, everywhere else.
In a similar manner, virus is also introduced on the cell surface at t = tinfect, where
tinfect = 0 h, 6.5 h, 8.5 h, 12.5 h and 30.5 h depending on the IFN treatment.
Ve(x, tinfect) =
 Vinfect, for x = LC0, everywhere else. ,
6.2.1 Parameter estimation
The FMDV-IFN experiments were performed using known quantities of virus and IFN,
therefore parameters Itreat and Vinfect were estimated directly. All other parameter values
remain the same as in the investigation of the IFN model (see Sections 4.4 and 2.2).
Vinfect- concentration of FMDV introduced at the time of infection
In each well, cells were infected with 1.86× 10−1 PFU (see Chapter 5). There were about
104 cells in each well, which leads to 1.86 × 10−5 PFU being introduced on the surface
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of each cell assuming a uniform introduction. Taking into account that the spatial step
size in the simulations is 3.42× 10−4 cm (see Section 2.2.1), then the introduced FMDV
concentration over this step is
Vinfect =
1.86× 10−5
3.42× 10−4 PFU/cm = 5.44× 10
−2 PFU/cm.
Itreat- concentration of IFN used for cell treatment
Treated wells were supplied with 100 μl of IFN at a concentration of 250 IU/ml. This
means that 25 IU were added to every 104 cells, which responds to 2.5× 10−3 IU per cell.
Considering the dimensional spatial step size used in the simulations over which IFN is
introduced, then
Itreat =
2.5× 10−3
3.42× 10−4 IU/cm = 7.31 IU/cm.
6.3 Results and discussion
6.3.1 Standard parameter estimates
Using the standard parameter estimates (see Sections 2.2 and 4.4), the in vitro model
investigation predicts full cell survival during the first 48 hours of infection. This is the
case for all the IFN treatments, including the case of non-treatment. These results are in
contrast with the experimental data which show high levels of cell death by 20 h p.i. in
untreated cells, and total cell death for all cells by 48 h p.i.
Furthermore, the investigation of the in vitro model shows treatment with IFN for
longer results in higher extracellular IFN levels (see Table 6.1), but at the same time
lower intracellular IFN levels. The effect of these IFN levels cannot be assessed at this
point due to the total cell survival for all cases but will be further explored in Section
6.3.2 below.
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IFN levels
IFN treatment Ic Ie
6.5 h 1.89 1.71× 10−4
8.5 h 1.69 2× 10−4
12.5 h 1.36 2.34× 10−3
30.5 h 5.16× 10−1 2.1× 10−1
Table 6.1: Non-dimensional intracellular (Ic) and extracellular (Ie) IFN levels after 6.5 h,
8.5 h, 12.5 h or 30.5 h IFN treatment in the in vitro model. Parameter estimates are set
at their default values.
6.3.2 Modification of parameter IR
In vivo and in vitro cell properties and viral dynamics are not always identical. Moreover,
ZZR21 cells have been chosen for their sensitivity to FMDV infection (see Chapter 5). This
sensitivity is also evident by the amount of FMDV used in the experiments (1.86× 10−5
PFU/cell) comparing with the virus used in the IFN model (1 PFU). It is thus likely that
one or more parameters are different in the vitro experiments comparing with in vivo
FMDV infection. One possible scenario, and the case which will be explored here, is IFN
delaying to inhibit FMDV replication in ZZR21 cell cultures.
As shown in the investigation of the IFN model in Section 4.5, there is a variety of
parameters to which model results are sensitive. The IFN threshold for function fR in-
hibiting FMDV replication, IR, is one of them. In the absence of relevant data, parameter
IR has been assumed to be equal to 0.45 IU/cm, as for this value DSP and tongue show
a difference in their levels of cell survival (see Section 4.5). Increasing the value of IR in
the in vitro version of the model leads to cell death during the first 48 hours of infection.
Exploring this possibility where cell death occurs in the in vitro model during the
timescale of interest, it is evident that the decreasing intracellular IFN levels of Table
6.1 lead to an outcome inconsistent with the experimental data. These IFN levels result
in cells treated for 30.5 h dying faster than cells treated for 6.5 h while FMDV-IFN
experiments show the opposite to happen (see Section 5.3.4). An investigation of the
system and of the parameters involved with IFN production in the absence of virus, has
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identified two which could reverse this effect. These are the maximal IFN production
rate, θ, and the IFN release rate by live cells, γI .
6.3.3 IFN treatment effect
An increased maximal IFN production rate, θ, or a decreased IFN release rate by in
vitro live cells, γI , in combination with an increased IFN threshold for the inhibition of
FMDV replication, IR, could explain the obtained experimental data. Furthermore, a
combination of modifications to the estimates of all the above three parameters can also
lead to a similar outcome. In Table 6.2 three cases have been identified where the in
vitro model predicts extensive cell death in the first 48 h of infection, while the increased
protection the 30.5 h IFN treatment offers to cells in comparison with other treatments
is also observed. In cases 1 and 2, only two of the three parameters are modified at once,
while in case 3 all three parameters are modified.
Parameter modification
θ× γI× IR×
Case 1 1.5 1 3
Case 2 1 0.3 5
Case 3 1.2 0.62 5
Table 6.2: Combinations of parameter estimates exhibiting in vitro model results similar
to the experimental data. High level of cell death occurs during the first 48 h of infection,
while IFN treatment of 30.5 h treatment prolongs cell life more than other IFN treatments.
Case 3 has been selected to be presented here as this is the case of which the model
outcomes are closer to the experimental results. This combination of parameters has
the effect of causing extensive cell death in both DSP and tongue, as tested by the IFN
model. Therefore, although results might be relevant to the in vitro case the same does
not apply for the in vivo case. No data are available to assess whether the suggested
differences between in vivo epithelial cells and in vitro ZZR21 cells are realistic, but this
is a plausible scenario and as such is explored here.
Model results of untreated cells (Figure 6.1) show cell death to occur faster than
observed experimentally. Nonetheless, model results for IFN treated cells (Figures 6.2,
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6.3, 6.4 and 6.5) are in reasonable accordance with experimental data, both in terms of
timescales and levels of cell survival. The higher impact of 30.5 h IFN treatment on cell
survival is also evident, with this treatment delaying cell death for a longer period than
other treatments (Figure 6.5).
A further interesting result of the model is IFN treatment of 8.5 h protecting cells
for less time than the 6.5 h treatment, while 12.5 h treated cells die even faster. As
presented in Table 6.3 IFN levels exhibit a decline for treatments longer than 6.5 h, with
the exception of the 30.5 h treatment for which they achieve their highest points.
IFN levels
IFN treatment Ic Ie
6.5 h 1.89 5.21× 10−4
8.5 h 1.69 9.11× 10−4
12.5 h 1.39 2.5× 10−3
30.5 h 4.55 1.95× 10−1
Table 6.3: Non-dimensional intracellular (Ic) and extracellular (Ie) IFN levels after 6.5 h,
8.5 h, 12.5 h or 30.5 h IFN treatment in the in vitro model. Parameter estimates are set
at their default values aside of parameters θ, γI and IR which are as in case 3 of Table
6.2.
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Figure 6.1: Cell survival of untreated wells as predicted by the in vitro model (blue line)
and as exhibited by experimental results (columns). Survival is expressed as a percentage
of the initial cellular space fraction. Experimental data are classified into five different
bins starting with 100− 80% survival and going down to 0− 20%. The colour of each bin
in the columns is determined by the percentage of wells assessed to have this level of cell
survival (sample of 12 wells in total at each time point).
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Figure 6.2: Cell survival of 6.5 h IFN treated wells as predicted by the in vitro model
(blue line) and as exhibited by experimental results (columns). See also figure 6.1 for
details.
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Figure 6.3: Cell survival of 8.5 h IFN treated wells as predicted by the in vitro model
(blue line) and as exhibited by experimental results (columns). See also figure 6.1 for
details.
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Figure 6.4: Cell survival of 12.5 h IFN treated wells as predicted by the in vitro model
(blue line) and as exhibited by experimental results (columns). See also figure 6.1 for
details.
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Figure 6.5: Cell survival of 30.5 h IFN treated wells as predicted by the in vitro model
(blue line) and as exhibited by experimental results (columns). See also figure 6.1 for
details.
139
6.4 Conclusions
The investigation of the IFN model for the default parameter estimates has shown the
DSP to remain intact while the tongue exhibits cell death. Results of the in vitro form
of the model for the same parameter estimates show full cell survival during the same
timescale of 48 h of infection. The reason for this discrepancy lies in the quantity of virus
used in each case.
In the in vitro model the amount of virus introduced in the system is much less than
what was used in the investigation of the IFN model. Although a quantity of 1 PFU of
FMDV entering the cellular column in the IFN model is considered a reasonable amount
of virus in order to initiate infection in vivo (see Section 2.2.1), only 1.86 × 10−5 PFU
of virus (see Section 6.2.1)) is introduced on the surface of the single cell in the in vitro
model. The latter is based on the experimental quantification of FMDV used in the
FMDV-IFN experiments of chapter 5. Applying the concentration of FMDV used on the
cell surface in the in vitro model (Vinfect = 5.44×10−2 PFU/cm) to the respective default
points of virus entry in DSP and tongue of the cellular column IFN model also leads to
full cell survival.
What the above tell us about the model and its default parameter estimates, is that
either the model does not reflect accurately the FMDV-IFN dynamics or the current
parameter estimates are not realistic for the case of ZZR21 cells. A combination of
both may also apply. ZZR21 cells are however goat epithelial cells and not bovine, and
moreover it is expected that differences exist between in vivo and in vitro cell properties
and viral dynamics. With this in mind, alternative values for some of the in vitro model’s
parameters were explored.
Three possible scenarios were identified to be plausibly responsible for the FMDV-IFN
dynamics as observed in their experimental investigation. All scenarios involve some level
of increase in the value of the IFN threshold allowing the inhibition of FMDV replication,
IR. This is only one parameter out of several, all identified in the investigation of the
IFN model (see Section 4.5) to have a major impact on the level of cell death inflicted
by FMDV. However, IR is the only one not to be based on existing data. An alteration
to the value of this parameter in combination with an increased maximal IFN production
rate, θ, or a decreased live cell IFN release rate, γI , both give promising results in respect
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of matching experimental data with model outcomes. A combination of modifications to
all three parameters though has been identified as the one bringing the experiments and
model closer. For a more formal investigation of the in vitro model, approximate Bayesian
computation methods [103] can be used so as to establish parameter ranges within which
model and experimental results are in agreement.
The in vitro model predicts the prolongation of cell life after treatment with IFNs and
confirms the higher impact of the 30.5 h treatment comparing with any other treatment.
It shows, however, cells treated for 8.5 h to be dying faster than those treated for 6.5 h,
while those treated for 12.5 h to exhibit even faster death. Differences in the timings and
levels of cell death between these three treatments are small, but they are present in all
investigations of the system. Though there is not enough experimental data to support
statistically these findings of the in vitro model, experimental data do not exhibit a
monotonic increase in cell protection depending on hours of treatment, but only a clear
effect of the 30.5 hours treatment. It is therefore possible that this is a valid effect of
IFN treatments of this length. Moreover, Dinter and Philipson [32] have shown IFN cell
treatment to cause similar levels of reduction in FMDV infectivity for treatments of 8 h,
10 h and 12 h, confirming in this way that these timescales of treatment do not exhibit
huge differences between each other. Twelve hours was the longest treatment tested by
Dinter and Philipson, therefore no comparison can be made for the 30.5 h treatment.
Two drawbacks of the in vitro model can be readily identified. The first is the over-
estimation of cell death in the case of untreated cells and the second - and related to the
first - is the sharp decline in the level of cell death for all treatments and non-treatment.
Experimental results seem to justify a slightly smoother reduction in the levels of cell
death, which can be addressed by adjusting function f(K) regulating FMDV-induced
death.
The results of the investigation of the in vitro model seem to confirm its validity in
describing FMDV-IFN dynamics. Nevertheless, further investigation is still needed with
all possible combinations of parameters tested so as to identify further cases of parameter
modifications which could have the same effect as those explored already. If any of these
combinations of parameter alterations can be confirmed to be realistic for ZZR21 cells,
then this will strengthen the argument that the in vitro model is an accurate description of
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the in vitro system and in extend the in vivo model captures successfuly the FMDV-IFN
dynamics in epithelial tissues in vivo.
142
Chapter 7
General Discussion
FMDV is a well studied animal virus. A vast amount of experimental research has been
conducted since the isolation of FMDV in 1897 [15], with the aim of understanding the
virus and how to control it [4, 5, 9, 45, 46]. With the same purpose an extensive number
of mathematical studies on the epidemiology of FMDV has been carried out [35, 36, 58,
59, 60, 75]. Mathematical interest in the area though, has not expanded to the same
degree to within-host dynamics of FMDV infection. This thesis, one of the very few
mathematical studies investigating FMDV from a systems biology perspective [49, 50,
83, 89], was undertaken with the aim of identifying potential determinants of FMDV-
induced cell death in epithelial tissues. The wider significance of answering this question
and understanding the factors leading to the development of vesicular lesions in infected
animals, lies in the potential to address a number of FMD pathogenesis knowledge gaps
classified by experimentalists as priorities (see Section 1.2.3).
7.1 Potential drivers of FMDV-induced cell death
7.1.1 Epithelium structure and IFN antiviral action
While no or negligible cell death occurs in the epithelial tissue of DSP, extensive epithelial
cell death leading to the development of lesions occurs in the tongue. DSP and tongue
have been used throughout the current study as a means of comparing lesional and non-
lesional epithelial tissues.
The first potential determinant of FMDV-induced cell death which was examined is
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epithelial tissue structure. DSP and tongue epithelial tissues have different structure in
terms of both thickness and cell layer structure (see Chapters 1 and 3). When epithelial
structure was tested in isolation, this did not appear to have a defining influence on the
events of cell death (see Chapter 2). In combination with Type I IFN antiviral action
though, epithelial structure is a determining factor for the occurrence of cell death (see
Chapter 4). This difference between DSP and tongue in respect to cell death, is highly
dependent on a number of different parameters in the model.
7.1.2 FMDV replication dynamics
The role of FMDV replication dynamics in the events of cell death or survival for instance,
has been highlighted twice in this work (see Chapters 2 and 4). Both the static-cell and
IFN models have shown parameters regulating the level of FMDV replication and the
damage to cell resources inflicted due to this to be potential drivers of the development
of vesicular lesions.
7.1.3 FMDV diffusion and receptor availability
Two more factors which the current study suggests can determine the development of
lesions, are FMDV diffusion in the extracellular space and FMDV uptake by cells, the
latter being related to receptor availability (see Chapter 4). Their importance was high-
lighted by the IFN model investigation. This is in contrast with the static-cell model
results which have suggested that none of the two factors has much impact on the levels
of cell death and survival (see Chapter 2).
7.1.4 IFN antiviral action
My results underline the importance of considering the combined IFN-FMDV dynamics
when investigating the events leading to the development of lesions. In the IFN model,
IFN antiviral action limits the destruction of cells by FMDV and thus small differences
in the estimates of FMDV uptake and diffusion have a big effect. An additional merit of
considering the role of IFN antiviral action in the system is that while the static-cell model
can explain a difference in the levels of cell death between DSP and tongue for certain
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estimates of FMDV replication parameters ξ and ρ, the IFN model can do the same but
better. In particular, the IFN model can predict total or nearly total cell survival in DSP
and extensive cell death in the tongue.
The findings of the IFN-FMDV model are in agreement with the findings of Zhu et al.
who used bioinformatics approaches to study tissue tropism [114]. They suggested FMDV
receptors to be contributing to tissue tropism along with other factors, such as Type I
IFN action [114]. For the specific case of lesion development Zhu et al. proposed a high
extracellular matrix turnover to be involved [114]. The extracellular matrix is part of the
extracellular space [3], but the IFN model does not account for that. Instead it considers
only a simplified form of extracellular space, whose dynamics are diffusion and boundary
flux driven. Even so, the IFN model can still explain the development of vesicular lesions
without the inclusion of such dynamics.
7.1.5 IFN production and release by cells
The most important aspects of Type I IFN dynamics suggested by the IFN model to be
involved with the occurrence of extensive cell death in tongue but not in DSP are the
production rate, the release rate by live cells and the intracellular natural decay rate.
The IFN model suggests intracellular decay can determine the development of lesions
in the tongue and the lack of visible cell death in DSP (see Chapter 4). It is worth
considering whether some IFN is being used up when responding to FMDV infection,
since the model seems to suggest that such a depletion could lead to even more cell
death in tongue without necessarily causing any cell death in DSP. Biological knowledge
in the area is limited, thus this is an additional hypothesis which could be explored
mathematically.
The production of IFN as defined by its maximal replication rate, θ, and its release
rate by live cells, γI , can also determine the development of lesions as displayed by the IFN
model results (see Chapter 4). The importance of these two parameters was reiterated
in the in vitro model investigation, where θ and γ were the only parameters for which
modifications allowed the model to produce adequate IFN levels so as the model results
are comparable with the FMDV-IFN experiments (see Chapter 6).
Goat epithelial cells cultivated in vitro (ZZR21) are clearly different from bovine ep-
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ithelial cells in vivo. The above results, however, show the significance of obtaining more
reliable estimates for IFN production and release by cells. Moreover, the in vitro model
results confirm the high sensitivity of the ZZR21 cell line to FMDV infection, which is a
known quality of these cells making them a good choice for experimental FMDV studies
[22]. The higher sensitivity of the cell line might be a result of higher sensitivity to IFN
with regards to its action inhibiting FMDV replication; other explanations may also apply,
including different viral properties of the specific FMDV strain used in the experiments.
7.1.6 Interlayer differences
Analysis in this thesis offers interesting insights into what differences between tissue layers
may have a significant effect on the different behaviour between the two tissues in terms
of cell death. Results so far suggest that it is possible basal cell resources are used up
faster by FMDV than those of spinous cells (see Chapter 4). On the other hand, lower
production of IFN by basal cells than spinous cells doesn’t have much impact on the levels
of cell death and survival (see Chapter 4).
The static-cell model suggested that lower FMDV replication and uptake rates in
the spinous layer could deepen the gap in cell survival between DSP and tongue (see
Chapter 2). This is despite experimental results showing evidence for higher integrin αvβ6
expression in the spinous layer, an integrin which is considered to be the main FMDV
receptor [72]. Whether lower FMDV replication and/or uptake rates for the spinous layer
are realistic or not, the IFN model results have not provided indications to any direction.
7.1.7 Site of infection
An interesting finding of this work is the proposition that lesions are probably more
severe in animals where infection occurred on the surface of the granular layer, compared
with the more frequent route of tongue infection which is considered to primarily occur
via the basement membrane. The current study does not provide insights on whether
an alternative point of infection on spinous cells close to the basal layer could be a more
likely site of FMDV entry in the tongue. This possibility has been suggested by a previous
study [73] and has been investigated with both the static-cell and IFN models. Results
show that both viral entry at the basement membrane and viral entry a few cells in, have
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similar impact on the levels of cell survival and death in the tongue.
7.2 Effect of IFN treatment on FMDV-infected cells
Results of the FMDV-IFN experiments and the in vitro model have both showed the
protective effect of IFN treatment on cells prior to infection, with respect to cell death.
The results of the FMDV-IFN experiments are similar to an older study on the effect of
IFN treatment on FMDV-infected cells [32]. This study suggested that IFN treatment
for 8 hours prior to infection provides maximal resistance to FMDV replication [32], but
IFN treatments longer than 12 hours were not tested. The current study has showed that
longer treatments can offer better protection to FMDV-infected cells.
Howat et al. (2006) [48], studied IFN-Herpes simplex virus 1 interactions and the
development of plaques in cell monolayers using mathematical modelling and experimental
techniques. The authors of the study tried to establish an optimal viral dose for maximum
IFN production. The current study did not investigate this effect, though multiple viral
doses were tested in the experiments. Data generated by Howat et al. do not refer to
IFN in IU, but in terms of the viral dose which resulted in their production, thus further
comparisons between the two studies are difficult to make. They did though show the
protective effect of IFN treatment on cell monolayers, with a reduction in the levels of cell
death in treated cell cultures [48], while they suggested that in vivo IFN priming (IFN
treatment) will be even more effective in protecting cells than in vitro due to additional
immune mechanisms which take effect in vivo [48].
7.3 Future work
7.3.1 Mathematical work
Schley et al. [90] showed that different FMDV replication rates, basal cell proliferation
rates and FMDV lysis rates between the two tissues could explain the different behaviour
between DSP and tongue towards the events of cell death. Here I demonstrated that such
differences are not needed to explain the antithesis between the two tissues, as IFN action
in combination with the different structure of the tissues is sufficient to have this effect.
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Modifications to model functions such as the inhibition of FMDV replication by IFN, or
a different IFN production function would be interesting to test, as biological knowledge
on the mechanisms involved is limited. Another hypothesis which could be explored is
the possibility that FMDV-infected cells die because of apoptosis with only a fraction of
them undergoing secondary lysis. This would mean that a fraction of FMDV contained
by apoptotic cells is destroyed before release to the extracellular space.
In addition to the above, other factors could also be included in the model such as the
effect of lymphocytes or the effect of mechanical forces. A 3D, whole tissue version of the
static-cell and IFN models could offer interesting information on the size of lesions.
7.3.2 Experimental work
Having undertaken this study with the purpose of contributing to the knowledge on
FMDV, its infection dynamics and the determinants behind the development of its most
characteristic clinical sign, the vesicular lesions, it is important to relay my findings back
to those who have provided the knowledge on which this work was built. For this there are
four areas which this work suggests to be crucial in understanding the events of cell death
in FMDV infected epithelial tissues and for which it is important to establish estimates
based on appropriately designed experiments: FMDV replication, IFN production, IFN
inhibition of FMDV replication and IFN release by live cells.
FMDV replication
Despite the wealth of biological data on FMDV, experimental studies often do not provide
extensive information on their specific experimental conditions. This is perhaps unsur-
prising; experimentalists carry out and present studies with certain purposes in mind,
which do not normally coincide with the data needs of mathematical modellers. Esti-
mates in this work for the maximal replication rate of FMDV, ξ, and the rate of resource
consumption by FMDV, ρ, for instance, have been based on an experimental study offer-
ing limited information on the conditions of its experiments [71]. In the aforementioned
study, Monaghan et al. [71] provide data of FMDV concentration at different time points
quantified in PFU per volume of media but no data on the number of cells involved are
mentioned. Assuming that media volume is equal to cell volume, the FMDV replication
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parameters were estimated based on an approximation of number of cells per ml (see
Section 2.2). This approximation adds a degree of uncertainty to the estimates of the
maximal replication rate of FMDV, ξ, and the rate of resource consumption by FMDV,
ρ.
To obtain reliable results of FMDV replication, experiments recording FMDV growth
over time in cell monolayers could be undertaken, such as the one carried out by Monaghan
et al. but with known cell numbers and volume of media used. Moreover different cell
lines and FMDV strains can be tested and frequent observations can be taken so as to
accurately detect the first signs of cytopathic effect.
IFN dynamics
IFN production, IFN inhibition of FMDV replication and IFN release by live cells are
undoubtedly the big unknowns of the FMDV-IFN system. Very little is actually known
about IFN production. Estimates of this study have been based on data of IFN pro-
duction by pDC cells, which give a very wide range of estimates for IFN production by
epithelial cells. Data on IFN release by cells is extremely limited, while no data at all
were found on IFN inhibition of FMDV replication. Given that all of these can be drivers
of FMDV-induced cell death, their estimation is of preeminent importance. It is thus the
recommendation of this study that the aforementioned areas of IFN dynamics are the
focus of future experimental research.
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Appendix A
Reduced model for the estimation of
ρ and ξ.
In the light of relevant in vitro experimental FMDV data [71], the maximal replication
rate of FMDV, ξ, and the rate at which the virus uses up the intracellular resource, ρ,
were estimated using a non-spatial form of the dimensional model. This reduced system
is only used for the purpose of estimating the above parameters and it does not have a
biologically realistic structure. In this system I only account for cellular space (Sc = 1),
thus I assume that no transfer of FMDV occurs between spaces (no viral uptake by cells,
no live cell release, so µ = γ = 0). Furthermore, I consider that the cellular space belongs
to the basal-spinous epithelium (gG = 1) and viral replication occurs at the same rate for
any point of the cellular space (hR = 1). The relevant equations of the system are
∂Sc
∂t
= −Φf(K)Sc, (A.0.1)
∂(VcSc)
∂t
= ξρKVcSc − Φf(K)VcSc, (A.0.2)
∂(KSc)
∂t
= −ρKVcSc − ΦKf(K)Sc. (A.0.3)
After differentiating the terms VcSc and KSc with respect to time in equations (A.0.2)
and (A.0.3) respectively, I use equation (A.0.1) to reduce the system even further. This
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happens by cancelling in both sides of equations (A.0.2) and (A.0.3) the terms referring
to reduction of intracellular virus and resource due to cell death. The system is now:
∂Vc
∂t
= ξρKVc, and (A.0.4)
∂K
∂t
= −ρKVc. (A.0.5)
Combining (A.0.4) and (A.0.5) leads to
∂(Vc + ξK)
∂t
= 0. (A.0.6)
This means that
Vc(t1) + ξK(t1) = Vc(t2) + ξK(t2), (A.0.7)
can be used to estimate parameter ξ, given known values of cellular virus load and intra-
cellular resource.
To estimate parameter ρ it is assumed that there is exponential growth of virus. This
assumption is relevant to the initial stages of infection, when resource is abundant and
can thus be assumed that the per capita rate of virus growth is constant. I have then
∂Vc
∂t
= aVc (A.0.8)
and
Vc(t2) = Vc(t1)e
(a(t2−t1)). (A.0.9)
Rearranging equation (A.0.9) I have
a =
1
t2 − t1 ln
Vc(t2)
Vc(t1)
. (A.0.10)
Applying available data of viral growth [11, 71] to (A.0.10), and combining (A.0.4) and
(A.0.8) I obtain an estimation for ρ:
ρ =
a
ξK
. (A.0.11)
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Equations (A.0.7) and (A.0.11) are therefore used in Section 2.2.2 to obtain estimates for
parameters ρ and ξ.
153
Appendix B
Statistical analysis of bovine
epithelial cell data
Linear models were constructed which have a satisfactory fit to the data. Model selection
proceeded by stepwise deletion of non-significant (P > 0.05) terms, starting from a model
including layer, tissue and an interaction between these factors. Cell height and cell width
data were log transformed. The linear models support the general observations for the
collected data, on structural differences between DSP and tongue and between cell layers.
The linear model of cell density is found in Table B.1 and the models of cell height and
width in Tables B.2 and B.3 respectively.
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Parameter Estimate Standard error Significance
Intercept 1.45× 10−2 5.54× 10−4 ***
Tissue
Dorsal Soft Palate baseline
Tongue −2.59× 10−3 7.83× 10−4 **
Layer
Basal baseline
Lower spinous −2.12× 10−3 7.83× 10−4 **
Middle spinous −9.36× 10−3 7.83× 10−4 ***
Upper spinous −7.68× 10−3 7.83× 10−4 ***
Interaction
Tongue:Lower spinous −6.74× 10−3 1.11× 10−3 ***
Tongue:Middle spinous −2.37× 10−3 1.11× 10−3
Tongue:Upper spinous −1.21× 10−3 1.11× 10−3
Table B.1: Linear model of cell density data. Significance codes: P < 0.001 ***, P < 0.01
**, P < 0.5 *
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Parameter Estimate Standard error Significance
Intercept 2.57 4.10× 10−2 ***
Tissue
Dorsal Soft Palate baseline
Tongue −0.13 5.80× 10−2 *
Layer
Basal baseline
Lower spinous −0.25 5.80× 10−2 ***
Middle spinous −0.04 5.80× 10−2
Upper spinous −0.63 5.80× 10−2 ***
Interaction
Tongue:Lower spinous 0.40 7.41× 10−2 ***
Tongue:Middle spinous −4.64× 10−5 7.80× 10−2
Tongue:Upper spinous 0.31 8.21× 10−2 ***
Table B.2: Linear model of cell height data. Significance codes: P < 0.001 ***, P < 0.01
**, P < 0.5 *
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Parameter Estimate Standard error Significance
Intercept 1.66 0.05 ***
Tissue
Dorsal Soft Palate baseline
Tongue 0.31 0.07 ***
Layer
Basal baseline
Lower spinous 0.40 0.07 ***
Middle spinous 1.42 0.07 ***
Upper spinous 1.69 0.07 ***
Interaction
Tongue:Lower spinous 0.96 0.08 ***
Tongue:Middle spinous 0.34× 10−5 0.09 ***
Tongue:Upper spinous 0.06 0.09
Table B.3: Linear model of cell width data. Significance codes: P < 0.001 ***, P < 0.01
**, P < 0.5 *
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